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ABSTRACT
A new synthetic route for the p reparation of a-halobenzylsilanes is
reported. The new route is based on carbene generation from diazirines and
insertion into the silicon-hydrogen bond. Phenylhalocarbenes w ere
generated by the therm al decom position of 3-halo-3-phenyldiazirines. The
reaction w as carried out w ithout solvent and w ith use of an excess of
halodiazirine. This m ethodology is very versatile in allow ing for a variety
of different aryl substituents at the benzylic position in the targeted ahalobenzylsilanes.
The synthesis and rearrangem ent u n d er Lewis-acid catalyzed
conditions of l-m ethyl-l-(dichlorom ethyl)silacyclopentane and 1-ethyl-l(dichlorom ethyl)silacyclopentane is reported. The p ro d u ct is form ed via tw o
consecutive a-halosilane rearrangem ents, the first of w hich gives ring
expansion producing a silacyclohexane interm ediate, and the second gives
ring contraction to a cyclopentane. C onform ational analysis on the
silacyclohexane interm ediate using MM2 calculations provides theoretical
evidence of an antiperiplanar conform ational requirem ent of both m igrating
groups.
The synthesis and rearrangem ent of (a-halobenzyl)silacyclopentanes
provides a new synthetic route for l-halo-2-phenylsilacyclohexanes. The
Lewis acid-catalyzed rearrangem ent of the l-(a-chlorobenzyl)-lm ethylsilacyclopentane produces a ring expansion affording a m ixture of
isom ers of l-m ethyl-l-chloro-2-phenylsilacyclohexane. l-(a-F luorobenzyl)-lm ethylsilacyclopentane rearranges u n d er therm al conditions to give a
m ixture of the analogous fluoro derivative. In both cases the major isom er
viii

was the (E)-isomer. A b initio results for ethylfluorosilane confirm the
preference of the Me group to adopt a gauche conform ation. MM2
calculations for l-m ethyl-l-chloro-2-phenylsilacyclohexane predict a greater
stability for the Z-isomer.
The synthesis an d separation of cis-and transbis(trim ethylsilyl)cyclohexane (BTMSC) is reported. Tw o-dim ensional NMR
techniques have been utilized to stu d y the conform ational preferences of
trans-BTMSC. The presence of a long range coupling of equatorial
hydrogens, and an upfield displacem ent in the 13C and 1H NM R signals
com paring the cis to the trans isom er, indicates a rigid conform ation.
C oupling constants extracted from an ECOSY experim ent are in close
agreem ent w ith those calculated w ith a K arplus type equation, using
dihedral angles calculated for the diaxial chair.

Chapter One
th e

PREPARATION OF a-HAEOBENZVESIEANES

1

2
THE PREPARATION OF a-H A LOBENZYLSILANES
Taken in p art from " The preparation of a,a-dichlorobenzylsilanes and
a-halobenzylsilanes" Gerald L. Larson, Frank K. C artledge, Roberto Nunez,
R aym ond J. Unw alla, Ricardo Kleese, and Luis Del Valle. To be subm itted for
publication in O rganom etallics.

In tro d u c tio n

a-H alosilanes have a diverse reaction chem istry, including
considerable synthetic potential, such as the generation of a-silyllithium and
a-silylm agnesium reagents. W e have been interested in rearrangem ents of
a-halosilanes that take place under a variety of conditions: Lewis acid
catalyzed, therm al, nucleophilic attack at silicon, and nucleophilic
displacem ent at the a-silyl carbon.1 These rearrangem ents of a-halosilanes
occur w ith the m igration of an organic group from silicon to the
functionalized a-carbon (eq 1).
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The w idespread use a-halosilanes in organic and organosilicon
chem istry has been lim ited by the lack of convenient m ethods of
p rep aratio n .2-4 The synthesis of a-halosilanes has been accom plished m ainly
by the following routes:
- displacem ent reactions at Si on readily available organosilanes w hich

3
already contain the haloalkyl group (eq 2).5

Cl(CH3)2SiCH2Cl

CH3MgBr
---------------- ►

(CH3)3SiCH2Cl

(2)

- m onohalo or dihalocarbene insertion into the silicon-hydrogen bond
(eq 3).6-9 Seyferth generated m ost of the carbenes used for these insertion
reactions by the therm al decom position of halom ethylm ercury com pounds
(PhHgCX3).

R3SiH

+

: CXY

A
----------------- ►

R3SiCHXY

(3)

- reaction of a haloalkylm agnesium or -lithium reagent (eq 4 and 5)
w ith a chlorosilane. Seyferth et alA o reported the reaction of
isopropylm agnesium brom ide w ith brom oform follow ed by treatm ent w ith
trim ethylchlorosilane to prep are (dibrom om ethyl)trim ethylsilane (eq 4). In
a sim ilar approach, Villieras et al.u prepared the sam e com pound by
reacting dibrom om ethane w ith lithium diisopropylam ide a n d then adding
trim ethylchlorosilane (eq 5).

Me.CHBr

Mg

Me3SiCl

Me3SiCHBr2

(4)

Me3SiCHBr2

(5)

CHBr3

IDA
CH2Br2
-90°C

Me3SiCl

4
- substitution reactions at C in organosilanes (eq 6) w hich already
contain the halom ethyl group. Peterson et al.12 p repared
trim ethylsilylm ethyl acetate, iodom ethyltrim ethylsilane, and
brom om ethyltrim ethylsilane by phase transfer catalyzed substitution
reactions on chlorom ethyltrim ethylsilane

nBu4NX / NaX

Me3SiCH2a

ndays

>

Me3SiCH2X

(6)

Synthesis of a-h alob en zylsilan es.
Brook, et al,13 reported clean therm al rearrangem ents of a halobenzylsilanes. Since our group encountered problem s w ith by-products
form ed at the high tem perature necessary for the therm al rearrangem ent of
a-chloroalkylsilanes, w e decided to use the a-halobenzylsilanes as m odels to
study the catalyzed and uncatalyzed rearrangem ents of a-halosilanes. A
search of the literature show ed that although several potential routes to a halobenzylsilanes are possible, none is of a general nature. W e needed a
versatile route to prepare a-halobenzylsilanes w ith different halogens at the
benzylic position and different aryl groups attached to silicon. Brook, et al.u
built their com pounds by a lengthy route that involved the generation of
silyldiazoalkanes and subsequent reaction w ith a hydrogen halide. The
route consisted of four steps w ith an overall yield of approxim ately 20%
starting from the silane. Some of the conditions in these steps w ould not
allow a variety of substituents to be placed in the arom atic ring attached to
the silicon.
Am ong the m ethods to synthesize a-halobenzylsilanes, direct

5
halogenation of a benzylic position has been tried m ost often. H auser and
H an ce15 described the chlorination and brom ination of benzylsilanes to form
a-halobenzylsilanes. The chlorinations (eq 7 and 8) w ere perform ed using
sulfuryl chloride w ith a catalytic am ount of benzoyl peroxide. The procedure
w as originally developed by K harasch and Brown16 for chlorinating
hydrocarbons and w as em ployed by W hitm ore et al.17 w ith
benzyltrichlorosilane.

S 0 2C12
Me3SiCH2Ph

BPO

Me3SiCHClPh

(7)

Me3SiCClPh2

(8)

S 0 2C12
Me3SiCHPh2

BPO

The brom ination w ith brom ine in carbon tetrachloride afforded the
corresponding a-brom obenzylsilanes in low yields. W hereas the
brom ination w ith N -brom osuccinim ide in carbon tetrachloride afforded a brom obenzylsilanes and a-brom obenzhydrylsilane in 60 % and 89 % yield
respectively. The reaction of N -brom osuccinim ide w ith
benzyltrim ethylsilane (Me3SiCH2Ph) also produced an a ,a dibrom obenzylsilane. H auser and H ance succeed in brom inating
triphenylbenzylsilane w ith N -brom osuccinim ide in carbon tetrachloride (eq
9), obtaining the a-brom o derivative in 52 % yield. It had been previously
show n that cleavage of the phenyl-silicon bond occurs w hen phenyl
substituted silanes such as phenyltrim ethylsilane are treated w ith brom ine.18

6

Ph3SiCH2Ph

NBS
-----— -------- - ►

Ph3SiCHBrPh

(9)

The lack of generality of the halogenation of benzylsilanes w as
em phasized by the w ork done by A nderson and G rebe19. They found
different p roducts w hen brom inating benzylsilanes u n d e r different
conditions. T reatm ent of benzyltribrom osilane w ith an excess of brom ine in
daylight w ithout catalyst gave oc-brom obenzyltribrom osilane, w hich w as
reduced w ith lithium alum inum hyd rid e to produce a-brom o b en zy lsilan e
in only 30 % yield.
A m ajor problem in the direct halogenation of benzylsilanes is the
halodesilylation process.20 H alodesilylation products w ere observed w hen
electron donors w ere attached to the arom atic ring bonded to silicon (eq 10).

S02C12
RC6H4SiMe2Ph

v -----►

RC6H4C1

+

ClSiMe2Ph

(10)

The dependence on the n atu re of the substituent in the arom atic ring
for a successful a-haiogenation w as further tested by m onitoring the reaction
of both a-N pS iM e2C H 2Ph and 4-Cl-a-NpSiM e2CH2Ph w ith NBS. The
chloronaphthyl derivative, d u e to the deactivating n atu re of the chloro
group in the naphthyl ring, w as successfully brom inated w hereas the
n ap h thylsilane u n d e rw en t halodesilylation.213 C onsistent w ith this result,
K um ada et a/.21c have reported the follow ing trend for the reactivity of the
carbon-silicon bond of aryl hexacoordinated silicon com pounds tow ards

7
NBS: 4-MeOC6H 4 > 4-MeC6H 4 > P h » 3-CF3C6H 4. This trend further
underscores the difficulties encountered w hen perform ing an a halogenation of arylsilanes w ith electron donating groups on the aryl rings.
O u r g ro u p investigated an alternative route w hich involved reacting
aryl G rignard reagents, R-C6H 4MgBr (R = OMe, t-Bu), w ith (achlorobenzyl)dim ethylchlorosilane (ClSiMe2CH ClC6H 5). This schem e (eq 11)
overcam e the halodesilylation problem , b u t afforded only low yields of the
desired a-chlorobenzylsilanes.21b The yields of the crucial last step w ere very
low, ranging from 7% to 25 %. U sing a m ixed solvent system
(tetrahydrofuran / ether) and a longer refluxing tim e did not im prove the
yield.

PhCH2Cl

Mg/ether
-------►
Me2SiCl2

PhCH2Si(CH3)2Cl

S 0 0C1
2 2
BPO

ArMgBr
PhCHSi(CH3)2

a a

PhCH-Si(CH3)2Ar

(11)

a

The halodesilylation process has been recently studied and conditions
found for its use as a synthetic tool. Bordeau et al.22 reported (eq 12) that
benzyltrim ethylsilane reacts w ith iodine m cnobrom ide u n d er electrophilic
substitution conditions either on the arom atic ring or at the benzylic
position. A very high yield of pro d u ct resulting from the cleavage of the
silicon-benzylic carbon bond w as observed w hen acetonitrile was used as a
so lv en t.

8

2 IB r
M33SiC H 2Ph

BrCH2Ph

MeCN

+

M ^S iB r

+

I2

(12)

In a recent paper, A ndringa et al.23 reported a synthesis of (a-chloro
benzyl)trim ethylsilane by the trim ethylsilylation of the carbenoids obtained
by oc-metalation of benzyl chloride and benzyl brom ide (eq 13).

LDA
PhCH2X +

Me3SiCl

PhCHXSiMe3

(13)

THF / Hexane

Excellent yields w ere obtained w hen a m ixture of benzyl halide and
trim ethylsilyl chloride w as ad d ed to a well-cooled solution of lithium
diisopropylam ide in tetrahydrofuran and hexane.
A nother possible route w ould be the conversion of oc-hydroxysilanes
into a-halosilanes. Gilman and Lichtenw alter24 reported the preparation of
a-hydroxysilanes by the reaction of silyllithium reagents and ketones. The
silyllithium reagents w ere p repared from the reaction of chlorosilane w ith
lithium m etal in tetrahydrofuran. Recently L inderm an and Suhr25 reported
a n ew route for the synthesis of a-hydroxysilanes by the Sw ern oxidation of
(trim ethylsilyl)m ethanol and further reaction w ith a G rignard reagent.
The conversion of a-hydroxysilanes into a-halosilanes has been
reported by Wilt et al.26 (eq 14) and also by Klesse27 (eq 15). Both groups
rep o rted high yields by using thionyl chloride w ith pentane and ethyl ether,
respectively.

9

SOCl2/Pentane
PhCHOHSiEtg
J

25 °C

MeOPhCHOHSiMe2Ph

(14)

PhCHClSiEt3

SOCW Ether
------- ----------

MeOPhCHClSiMe2Ph

(15)

In collaboration w ith our group, Larson et al.28 developed a new route
for the synthesis of a-chlorobenzylsilanes (eq 16). The a-chlorobenzylsilanes
w ere p rep ared from the reaction of a ,a-d ich lo ro b en zy llith iu m w ith
chlorosilane follow ed by reduction of one of the chlorines.

1) PhCCl2Li
R3SiCHClPh

R3SiCl

(16)

2) Bu3SnH

R esu lts a n d D iscu ssio n

W e decided to look into new routes for the synthesis of a halobenzylsilanes involving carbene insertion reactions into the siliconhydrogen bond. Seyferth29 has used this m ethodology to synthesize a variety
of oc-benzylhalosilanes. Based on the generation of dichloro carbene by the
addition of a phase transfer catalyst and potassium fluoride to
trim ethylsilyltrichloroacetate (Cl3CCOOSiMe3) reported by Dehm lov and
Leffers30a, w e attem pted the generation of phenylchlorocarbene by the
decom position of trim ethylsilyl phenyldichloroacetate (PhCCl2COOSiM e3).30b
H ow ever, no phenylchlorocarbene generation w as observed u n d er the attack
of various fluoride sources such as sodium fluoride, potassium fluoride,
cesium fluoride, and tetrabutylam m onium fluoride.
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O ur m ethodology com pares favorably w ith other phenylchlorocarbene
sources available. The preparation and isolation of phenyl (a,ocdichlorobenzyl)m ercury, developed by Seyferth29, requires exceptional
precautions that do no t m ake it a reagent of choice for preparative chemistry.
A nother source is the treatm en t of phenyldichlorom ethane w ith potassium
t-butoxide.33 This m ethod entails severely basic conditions w hich m ay either
m odify the silicon-hydrogen bond of the silane before the insertion takes
place or produce a rearrangem ent by nucleophilic attack on the a halobenzylsilane just form ed. The recently developed system of
phenylchlorocarbene transfer reported by Cunico and C hu34 by treatm ent of
(a,a-dichlorobenzyl)trim ethylsilane w ith anhydrous potassium fluoride in
the presence of '18-crown-6 (eq 17) w as tested w ith triethylsilane an d afforded
(a-chlorobenzyl)triethylsilane in 44 % yield.

PhCCLSiMe, +

Et,SiH

KF / 18-crown-6
-------------------►
Diglyme 25 °C
6 days

,1
Et3SiCHCClPh

(17)

The low yield (detected by GC) could be attributed to attack of the fluoride
source on the triethylsilane substrate present in a four fold excess.
M oreover, this m ethodology does not look appropriate for treatm ent of
chiral substrates (as show n below ) due to potential isom erization at the
silicon center after the insertion reaction had occurred.35 This isom erization
occurs m ore rapidly in the presence of a phase transfer agent such as the
crow n ether w hich is used u n d er these m ild reaction conditions.
In a recent publication, Fry et a/.41 reported the electrochem ical
synthesis of (a-chlorobenzyl)trim ethylsilanes and (a-
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brom obenzyl)trim ethylsilane. The electrochem ical reduction of substituted
benzal chlorides in dim ethylform am ide w ith an excess of
chlorotrim ethylsilane afforded (a-chlorobenzyl)trim ethylsilanes in high
yield o r benzaldisilanes, d epending on the am ount of current passed d urin g
the electrolysis; w hereas benzal brom ide is reduced to (abrom obenzyl)trim ethylsilane w ith o u t conversion to a gem inal disilane. The
process w as carried o u t in an undiv id ed electrolysis cell containing a
stainless steel cathode and a sacrificial m agnesium anode.
The successful new ro u te w e have developed is based on carbene
generation from diazirines and insertion into the silicon-hydrogen bond.21b
Phenylhalocarbenes w ere generated by the therm al decom position of 3-halo3 -p h en y ld iazirin es.31 The reaction w as carried ou t w ithout solvent and
using an excess of halodiazirine. Tables 1, and 2 show the different substrates
th at w ere tested. This reaction overcom es the halodesilylation problem
stated above and affords good yields in a one step reaction in w hich the
starting m aterial is the silane. 3-H alo-3-phenyldiazirines w ere synthesized
from arylam idine hydrochlorides by using G raham 's reaction (eq 18)31.
A rylam idine hydrochlorides are com m ercially available or can be prepared
starting from arylnitriles.32 This m ethodology allows for different aryl
substituents at the benzylic position in the targeted a-halobenzylsilanes.

NH.HCL
II
ArCNH2

NaOBr
DMSO
LiBr
5-30°C
38 % yield

(IB)

12

Valuable a-fluorobenzylsilanes (Table 2) can be m ade available by
using 3-fluoro-3-aryldiazirines generated by a substitution reaction (eq 19) of
3-brom o-3-aryldiazirine w ith tetrabutylam m onium fluoride.36 The
form ation of the therm odynam ically favored Si-F bond prevents the usage
of fluorinated agents to perform a selective benzylic halogenation.

(19)
25 °C
4h
65 % yield

Since the tem perature required to decom pose the 3-fluoro-3phenyldiazirines is m ore than 100°C, and the phenyl groups attached to
silicon have a high m igratory aptitude, som e rearrangem ent took place
d u rin g the insertion of phenylfluorocarbene. This problem w as overcom e
by using photolytic conditions to decom pose the 3-fluoro-3-aryldiazirines.
A chiral silane was treated w ith each of the 3-halo-3-aryldiazirines to
afford a diasterom eric m ixture of chiral benzylsilanes that could not be
separated by chrom atographic means.
In order to ascertain the stereochem istry of the insertion reaction of
phenylchlorocarbene at silicon, S(+)-oc-naphthylphenylm ethylsilane was
treated w ith 3-phenyl-3-chlorodiazirine at 70 °C to afford an equim olar
diasterom eric m ixture (determ ined by

NM R integration of the Me

signals) of chiral a-chlorobenzylsilanes (Scheme I). The absolute
configuration of the a-chlorobenzylsilanes obtained by the a ,a -
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dichlorobenzyllithium ro u te w as determ ined. The diasterom eric m ixture
obtained by the carbene insertion reaction show ed an opposite rotation to
th at obtained from the a,ot-dichlorobenzyllithium route. This m easurem ent
indicates th at the insertion o f phenylchlorocarbene into the silicon-hydrogen
bond occurs stereospecifically w ith a high degree of retention of
configuration,37 since the L arson route is expected to involve inversion.
These results are consistent w ith a three-center m echanism involving a
direct electrophilic attack of a singlet phenylchlorocarbene on the siliconhydrogen bond. Som m er et al .38 found sim ilar results w hen studying the
insertion reaction of dichlorocarbene an d dibrom ocarbene w ith a chiral
silane.
Cl2

l)PhC C l2Li

;-------- ►
Retention

(-) 1-NpPhMeSiCl

►

(-) 1-NpPhMeSiCHClPh

2) Bu3SnH
Inversion

(+) 1-NpPhMeSiH

PhClCN2
-------------------------►
A

(+) 1-NpPhMeSiCHClPh

Retention

Scheme I

O ur carbene insertion route using halodiazirines could be expanded to
use other available diazirines, such as m ethoxy phenyldiazirines,39 and
provide new synthetic routes for elusive a-functional organosilicon
com pounds. The m ain lim itation could be the stability and m anipulation of
the carbene precursor diazirines.
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At the tim e this paper w as in preparation, Doyle et a/.40 ,w h e n
studying the reactivity and selectivity in interm olecular insertion reactions
of chlorophenylcarbene, rep o rted a diazirine-generated carbene insertion
reaction into the silicon-hydrogen bond of triethylsilane and diphenylsilane.
The therm al decom position of 3-chloro-3-halodiazirine u n d er refluxing
benzene for 3 hours generated phenylchlorocarbene. U nder Doyle's
conditions, the carbene reacted w ith a m ore than 3-fold excess of silane;
w hereas, in our conditions the silane is the lim iting reagent, and the
reaction is perform ed w ith o u t solvent.

E xperim ental section

l H NM R spectra w ere recorded on either a Bruker AC 100, or A C /W P
200 FT spectrom eter. All spectra w ere recorded in CDC13 solution. Mass
spectra w ere obtained on a H ew lett Packard 5985 G C /M S operating at 70 eV
using a 30 m x 0.25 m m i.d. 0.2-mm OV-l-B.P. fused silica capillary column.
The starting silanes w ere either synthesized in our laboratories or w ere
com m ercially available.
P rep aratio n of 3-B rom o-3-phenyldiazirine
Following the procedure by G raham 31'36 a 3 L, three-necked, round
bottom flask was fitted w ith a mechanical stirrer, a d ropping funnel, and a
therm om eter. It w as charged w ith 20.0 g of benzam idine hydrochloride
(0.127 mole), 536 mL of dim ethylsulfoxide and 53 g o f LiBr. After dissolving
the salts, 255 mL of hexane w ere ad d ed and the reaction m ixture cooled to
about 5 °C.
A fresh solution of NaOBr (1.175 moles) w as p repared by the slow
addition of 60 mL of Br2 to a stirred and cooled (-10 °C ) solution of 125 g of
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N aO H an d 387 g of NaBr in 900 mL of w ater. The cool NaOBr solution was
ad d ed rapidly to the reaction m ixture.
D uring the addition the reaction m ixture tu rn ed yellow ish w hile
m aintaining the tem perature below 30 °C w ith an ice cooling bath. The
reaction m ixture w as stirred for tw o h w ith cooling and stirred at room
tem perature for an additional half an hour. After diluting w ith 500 mL of
distilled w ater an d transferring to a big separatory funnel, the hexane layer
w as separated and the aqueous layer extracted w ith

8

portions of 60 mL of

hexane. All the hexane extracts w ere dried (m agnesium sulfate) and
concentrated in vacuo (1 m m H g at 25 °C). The residue w as distilled at 25 °C/
0.05 m m H g to give

8 .6

g (0.0436 mole, 34 % yield) of 3-bromo-3-

p h en y ldiazirine.

Preparation of 3-Chloro-3-phenyldiazirine
Following the procedure by Padw a 4 2 a 5 L, three-necked, round bottom
flask w as fitted w ith a m echanical stirrer, an addition funnel, and a
condenser. To a cooled solution of 53 g of LiCl and 37 g of benzam idine
hydrochloride (0.236 mole) in 800 mL of dim ethylsulfoxide and 600 mL of
hexane, w as added rapidly an d w ith stirring 310 g of N aCl in 1800 mL of a 10
% NaOCl solution. The addition took place in 15 m inutes u n d er vigorous
m echanical stirring. The reaction m ixture w as stirred for tw o h and the
hexane layer separated. The aqueous layer was extracted w ith ether, and the
ether extracts w ere com bined w ith the hexane extract and dried over M gS 04.
After rem oving the solvent by a rotavapor, distillation of the residue at 25-26
°C/0.01 m m H g gave 14.36 g of 3-chloro-3-phenyldiazirine (0.0945 mole, 43 %
yield).
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P rep aratio n of 3-Fluoro-3-P henyldiazirine
Following the procedure of M oss et al .36, m olten Bu4N F was prepared
by heating u nder vacuum (0.02 m m H g at 25 °C) 14 g of the trihydrate salt in a
50 mL ro u n d bottom flask. A fter 30 h the salt looks m olten and has lost ca 15
% of its initial w eight. The viscous pink liquid w as stirred in the absence of
light w ith 3.2 g (0.0162 mole) of 3-brom o-3-phenyldiazirine d uring 4 h. The
reaction w as quenched w ith 80 mL of w ater and the w ater phase extracted
w ith pentane

(6

x 18 mL). The pentane layer was dried over M gS 0 4 and

rem oved at reduced pressure to give 1.7 g ( 60 % yield) of 3-fluoro-3phenyldiazirine that w as later purified by distillation.
R eaction of 3-C hloro-3-phenyldiazirine w ith D im eth y lp h en y lsilan e
A 10 mL ro u n d bottom flask equipped w ith a condenser, Ar inlet
system , and a small m agnetic stirrer, w as charged w ith 1.5 g (0.011 mole) of
phenyldim ethylsilane and 2.5 g (0.0165 mole) of 3-chloro-3-phenyldiazirine.
After heating above 80 °C w ith an oil bath som e bubbles started to evolve
(N 2) ; at the end of four h the reaction m ixture looked darker and the
reaction was stopped. The reaction w as m onitored by the disappearance of
the Si-H !H NM R signal and the appearance of the new benzylic !H NM R
signal. Separation of the reaction m ixture by silica gel colum n
chrom atography using hexane as eluent provided 2 g (0.0077 mole, 70 %
yield) of the title product w hose spectral properties are given in Table 1.
G eneral Procedure for the In se rtio n R eaction.All reactions w ere perform ed w ithout solvent in the m anner described
above. U sually an excess of halodiazirine w as used (1.5 m ole ratio) w ith
am ounts of halodiazirine on the order of less than one gram . Yields of
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isolated product ranged from 40 to 75 %, w ith the individual values being
noted in the tables.
The follow ing com pounds w ere prepared:
Table 1

R-C 6 H 4 M e 2 Si-CHClPh
R= H (D , t-Bu( 2 ), CF 3 (3), OMe(4), cx-Np(5), Cl(6 ).

Table

M ePh 2 Si-CHClPh(Z),

1

. a-N pPhM eSi-CH ClPh( 8 )
Table 2

PhM e 2 Si-CHBrPh(9), Ph 2 MeSi-CHBrPh(10),
PhM e 2 S i-C H F P h(ll)/ Ph 2 MeSi-CHFPh(12).
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COMPOUND
RPhMe Si-CHClPh
2

YIELD

HNMR
(ppm)
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CNMR

MS

R=

1

2

3

4

, H

, t-Bu

,

CFs

. OMe

7.48-6.98(m, 1OH),
4.44(s. 1H),
0.41 (s. 3H),
0.31(8,3H).

139.6,134.9,134.4,
129.6,128.6,127.9,
127.6,127.2,126.2
(Aromat C)
52,2(£HC1),
-5.2(CH3Si)

260(1), 167(9), 165
(5), 136(13), 135
(100), 107(5), 105
(8), 93(7), 89(5), 63
(5).

7.35-7.09(m, 9H)
4.46(s,CUCl)
1.31(8,9H,terb)
0.41(s, 3H, SiCH3)
0.26(s,3H,SiCIi3)

152.8,134.3,131.5,
128.0,127.3,126.6,
124.6( Arom. C)
52.4(£H-C1),
34.7(quater £),
31.3( terb),
-4.9,-5.2(Si£H3)

316(0.7), 193(5.6),
191(100), 176(9.1),
161(8.6), 125(4.6),
105(2.4), 89(3.4),
63(1.4).

7.56-7.07(m, 9H),
4.51(s,CHCl),
0.49(s, 3H, S1CU3),
0.41(s, SiCU3).

136.6,130.8,129.3,
129.1,126.2(Arom£
and CF3),
53.8(£HCI),
-3.01,-3.14(Si£H3).

328(2.3), 205(4.9),
203(100.0), 175
(1.4), 17(1.5), 165
(1.7), 127(3.0), 125
(2.7), 105(1.3), 91
(1.9), 90(4.0), 89
(4.7), 81(2.2), 77
(3.3).

136.0,128.0, 127.3,
126.6,113.6, (
Arom £),
55.80,52.70(O£H3
and £HC1),
-4.93(SI£H3).

290(1.1), 197(1.8),
185(1.8), 167(5.9),
166(13.6), 165(100)
,153(2.8), 152(2.3),
150(1.6), 135(5.5),
121(4.4), 105(3.1),
91(4.5), 89(6.8),63
(5.6), 59(5.),43(4.1)

72%

70%

75%

72%

7.35-6.82(m, 9H),
4.43(s, CUC1),
3.91(s, OCH3),
0.40(s, 3H, SiCH3),
0.31(s,3H, SiCH3).

3(4.1)

5

6 ,

,

aNp

Cl

8.07-6.97(m. 12H),
4.87(s, CHC1).
0.45(s, 3H, Si€H3),
0.67(s, 3H, SiCU3).

134.9,130.6,129.2,
128.6,128.0,127.9,
126.9,126.5,125.9,
125.4,124.9( Arom
£),
52.3(CHC1),
-2.7(Si£H3)
-3.7(Si£H3).

7.29-7.08(m, 9H),
4.44(s,lH, CHC1),
0.34(s,3H,SiCU3),
0.42(s,3H, SiCH3).

139.5,136.0,133.5,
128.3,128.2,127.3,
127.0(AromO,
52.2(CHCI),
-4.99(SiCH3).

70%

70%

294(0.7), 171(35.6),
169(100), 165(6.0),
125(5.2), 105(2.7),
77(3.4), 63(15.6).

Table 1.- a-Chlorobenzylsilanes prepared by the carbene insertion reaction.
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l
COMPOUND

McPh Si-CHClPh
2
7

cxNpPhMeSi-CHClPh
8

YIELD

H NMR
(ppm)

MS

7.82-7.32(m,14H),
4.82(s, 1H, CHCl),
0.62(s, 3H,SiCH3)

135.4,135.2,129.9,
129.8,128.0,127.8,
127.7,126.9(C At)
50.62( CHCl)
-6.03( SiCH3)

322(0.1).198(20.3),
197(100.0), 165(6.1),
105(10.5), 93(3.4),
89(2.7).

7.97-6.93(m, 1711),
5.17(s, lll.C U Cl),
5.08(s, lH .C J ia ),
0.82(s, 3H, SICU3),
0.68(s, 3H, SICjJ3)

139.1-124.9(23 Arom
C),
50.9,50.5(CHC1),
-4.5, -4.8(SiCH3).

Rearrangement of
Phenyl and Np
group.

65%

72%
1:1 diasteroisomers

13
C NM R

Table 1.- a-Chlorobenzylsilanes prepared by the carbene insertion reaction.
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Com nnund

Y l» !d

*H N M R fnnm l

»C

7.50-7.10(m,10H,Arom),

134.3. 129.6. 128.4,

306(1.3), 304(1.2),

4.41(s,lH, CHBrPfi)

128.0, 127.6,

210(4.1), 195(2.8),

0.47(s, 3H. SiCH3 )

126.7(Arom)

181(10), 165(8.2),

0.37(s, 3H, S 1CH3 )

42.6(CHBrPh)

152(2.8), 135(100.0),

-4.3(SiCH3), -4.5(Si£H3)

119(3.2), 105(14.0).

N M Rfnnm l

MS

E xper Elem
A n a ly s is /C a lc .

s.

70%

C, 59.09
H. 5.71/
C. 59.01
H. 5.61

U2

60%

C. 65.43

7.55-7.14(m, 15H, Arom)

135.4. 135.2, 134.0,

366(0.4), 272(3.6),

4.76(6, l H.CHBrPh)

129.9, 129.7, 128.8,

259(0.9), 239(0.6),

0.7 l(s, 3H, SiCH 3 )

128.1, 127.8, 127.7,

209(0.7), 199(5.8),

H. 5.34/

127.0{Arom)

198(22.8), 197(100.0),

C, 65.39

40.5(CHBrPh)

181(7.0), 165(12.6),

H, 5.21

-5.1(SiC%)

105(30.1).

134.3, 129.6, 128.0,

244(0.7), 229(2.3),

5.62(d, 1H, J=44.5Hz,

127.8, 126.5,

201(2.4), 168(8.1),

CHFPh)

124.3(Arom)

167(49.4), 135(100.0),

0.36(s, 3H, S1CH 3 )

93.6(d,J=170Hz, CHFPh)

7.44-6.98(m, 10H, Arom)

U.

12

55%

50%

0.29( s. 3H, SiCH3)

-5.9(SiCH3). -6.0(SiCH3)

7.59-6.95(m, 15H. Arom)

135.2, 134.1, 131.9,

5.97(d, 1H, J=44.4Hz,

129.8, 128.5, 128.4,

CHFPh)

128.2, 127.9,

0.53(s, 3H, SiCH3 )

105(16.3), 90(36.5),
77(30.0)

306(0.9), 197(100.0),
165(16.0), 139(63.2),
119(10.9), 105(35.4).

127.4(Arom)
92.8(d, J=171.3Hz,
CHFPh)
-7.0(SiCH3)

Table 2.- a-Bromo- and a-Fluorobenzylsilanes prepared by the carbene
insertion reaction.

Chapter Two
MECHANISTIC ASPECTS OF A LEWIS ACID-CATALYZED
REARRANGEMENT OF AN cx-HALO SILANE
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A b s tra c t
The synthesis and rearrangem ent u n d er Lewis acid-catalyzed conditions of 1m ethyl-l-(dichlorom ethyl)silacyclopentane an d

1

-ethyl-l-

(dichlorom ethyl)silacyclopentane is reported. The pro d u ct is form ed via tw o
consecutive a-halosilane rearrangem ents, the first of w hich gives ring
expansion producing a silacyclohexane interm ediate, and the second gives
ring contraction to a cyclopentane. C onform ational analysis on the
silacyclohexane interm ediate using MM2 calculations provides theoretical
evidence of an antiperiplanar conform ational requirem ent of both m igrating
groups. This conform ational requirem ent is like that in a 4-center doubly
bridged transition state.

In tro d u c tio n

The rearrangem ents of a-halosilanes that occur w ith the m igration of
an organic group from silicon to carbon have potential synthetic interest . 1

R

I I

■Si- -CI
X

R
I
Si— C

0)

X

The reaction produces a new C-C bond w ith potentially controlled
stereochem istry. The silicon carbon bond can be stereospecifically cleaved
and converted into a synthetically useful functional group on carbon . 2 O ur
interest has been to study the m echanism of these rearrangem ents and to
u n d erstan d the stereochem ical outcom e of these reactions . 3

27
In 1947 W hitm ore et al. 4 reported the first rearrangem ent of an a halosilane. They perform ed the rearrangem ent of
(chlorom ethyl)trim ethylsilane w ith alum inum chloride to yield
ethyldim ethylchlorosilane in 79 % yield. The reaction w as perform ed
w ith o ut solvent using a silane to catalyst m olar ratio of 100/1. They
suggested the presence of a "siliconium ion" d uring the course of this
reaction sim ilar to that of the W agner-M eerw ein rearrangem ent (eq 2). This
siliconium ion differed from the analogous carbonium ion in that it did not
give elim ination products an d it u nited w ith chloride faster than the
carbonium ion.

Me
1
Me 2 SiCH2Cl + A1C13

Me
I +
-------------------M e 2 SiCH2, A1C14

(2 )

Cl
I
M e 2 SiCH2Me + A1C1,

Me 2 SiCH 2 M e , A1C14"

In 1965 Eaborn et al.5 reported kinetic and m echanistic studies on the
rearrangem ent of aryldim ethyl(chlorom ethyl)silanes catalyzed by
alum inum chloride. The reaction, perform ed w ith 1,2-dichloroethane as a
solvent and having a silane to catalyst m olar ratio of 15/1, w as first order in
the chlorom ethylsilane. They found the ease of rearrangem ent of pXC6 H 4 M e 2 SiCH2Cl to fall in the order (X=) p-M e > H > p-Cl, and in all three
cases the reaction w as m uch faster than in the com pound, Me 3 SiCH 2 Cl.
Since this difference in ease of rearrangem ent indicated that the R group
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w as involved in the rate-determ ining step an d there w as lack of evidence
for the existence of a siliconium ion, they postulated a m echanism
involving synchronous intram olecular m igration of the organic group and
the chloride. This four-centered transition state w ould involve inversion
of configuration at silicon a n d carbon and a requirem ent for an
antiperiplanar conform ation of b o th m igrating groups.

,R v

y +\
R2S i

'C H 2 .
'C l

I
AICI3

Studying the rearrangem ents of (chlorom ethyl)triorganosilanes,
Stew ard et al.6 determ ined the m igratory aptitudes of various organic
groups (Me[1.0], Et[2.07], n-Pr[2.97], iso -P r« 1 .0 , C1CH 2«1). The reaction was
perform ed w ith dichlorom ethane as a solvent and w ith a silane to catalyst
m olar ratio of (5-10)/l. This tren d reveals th at m igration of the organic
group from silicon to carbon is facilitated for prim ary over secondary
groups. These findings w ere rationalized as involving a significant
negative charge developed on the m igrating group in a tw o step m echanism
including Eaborn's transition state structure as an unstable interm ediate.
This rationale ignores the developm ent of positive charge on the m igrating
group in Eaborn's structure.
Tam ao and K um ada 7 stu d ied the rearrangem ents of chlorom ethyland dichlorom ethyldisilanes an d found th at the m igratory ap titu d e of
various silyl groups decreased in the follow ing order M e3Si > ClMe2Si >
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Cl2MeSi > C^Si. This p attern contradicts the developm ent of a negative
charge on the m igrating group as proposed by Steward. Tam ao proposed
an o th er m echanism involving an initial rate-determ ining step of
ionization of the carbon-halogen bond in w hich the m igrating group plays a
m inor role, if any, follow ed b y m igration of a silyl group from silicon to
carbon. The reasoning w as based on tw o factors; first, the increased
reactivity of (dichlorom ethyl)silanes com pared w ith (chlorom ethyl)silanes,
the form al a carbocation being stabilized by the presence of a halogen
sim ilar to the halocarbonium ion described by O lah8. The second factor w as
the decrease in reactivity for com pounds w here the silicon bearing the
halom ethyl group w as substituted by chlorine. In previous papers K um ada
an d T am ao7b c also reported th a t trim ethylsilyl groups m igrate in preference
to m ethyl in (chlorom ethyl)pentam ethyldisilane (eq 3) and th at only m ethyl
m igration w as observed w h en (chlorom ethyl)-tert-butyldim ethylsilane (eq
4) w as stirred w ith alum inum chloride.

CH,
I
3
CH3—Si-C H 2C1
Si(CH3)3
CHo
I
3
CH3- S i- C H 2C1
C(CH3)3

A1C13

AICI3

CH3
CH3—Si-C H 2Si(CH3)3
Cl

<3>

Cl
I
CH3—Si-C H 2CH3
C(CH3)3

(4)

A sim ilar m echanism w as proposed by H airston and O'Brien 9 w hen
studying the rearrangem ent of (a-haloalkyl)silanes w ith antim ony
pentafluoride in nitrom ethane (eq 5). They perform ed kinetic studies
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follow ed by NM R and obtained evidence for the presence of an
interm ediate d u rin g the rearrangem ent of a tertiary (a-haloalkyl)silane. For
the tertiary (a-haloalkyl)silane the initial ionization w as a second order
kinetic process, first o rder each in the silane an d antim ony pentafluoride.
The interm ediate w as observed by !H NM R by the appearance of tw o new
signals. It then reacted to give m ainly the rearranged pro d u ct over the
elim ination product. For the secondary (a-haloalkyl)silane no interm ediate
form ation w as observed by 1H NM R a n d the reaction proceeded m ainly
th ro u gh the elim ination route. This w as rationalized as the initial
ionization becom ing the rate-determ ining step. Based on the sm all shift in
the 1H N M R signals d u rin g the appearance of the interm ediate, the
interm ediate w as described as a tight ion pair rather than a free carbocation.
The first o rd er dependence of the rearrangem ent-elim ination step u p o n
antim ony p en tafluoride concentration im plied th at antim ony pentafluoride
attacks at silicon either before or d u rin g the rate determ ining step of alkyl
m igration. In sum m ary the presence of a pentacoordinated silicon w as
im plied to account for the observed results. N one of the O'Brien findings
could be sim ply extrapolated to other a-halosilanes, since the O'Brien
reaction conditions could not be tested w ith (a-chlorom ethyl)silanes w here
the reaction did not proceed. M oreover the Lewis acid w as used in a 1/1
m olar ratio an d the solvent w as nitrom ethane.
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(CH3)3SiF + RCH=CH 2 + SbF4Cl

O lah 1 0 presented argum ents against the proposed carbocation
in term ediate seen by 1H NM R by H airston and O'Brien. The expected
carbocation could not be generated from the corresponding alcohol u n d er a
variety of stable ion conditions (eq 7). H ow ever, O lah observed
diphenyl(trim ethylsilyl)m ethyl cation (eq 6 ) and characterized it by 13C and
29Si NM R. The diphenyl(trim ethylsilyl)m ethyl cation significantly
deshields the cationic center in the 13C NM R spectrum , and at higher
tem p eratu res the cation rearranges through m ethyl m igration from the
silicon atom to the cationic center follow ed by nucleophilic quenching of
the developing silicon cation. W ith all this inform ation they felt th at no
free carbocation was observed by O'Brien in the nitrom ethane m edia and
concluded that the reported 1H NM R d ata w as inconclusive.

(5)
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Me 3 SiCPh2, F S 0 3

Me 3 SiCPh2O H

(6 )

s o 2c if

-7 8 °C

f s o 3h
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Me 3 SiCMe2/ F S 0 3

M e 3 SiCMe2O H

(7)

SO,ClF
2
-7 8 °C
Barton et al.n found th at the reaction of (chlorom ethyl)vinylsilanes
and alum inum chloride in carbon disulfide affords cyclopropylchlorosilane
products (Scheme I). All the products found in these studies w ere
rationalized by cydization of the initially form ed carbocation (1 ) to produce
silacyclopropylcarbinyl cation (2). This cation can, depending on its stability,
react w ith chloride to produce allylic chlorosilanes (3) or rearrange to
cyclopropylsilylenium ion (4). The interm ediacy of silacyclobutyl cations by
the y route can no t be proved w ith the experim ental data. W hile Barton
chose to w rite m echanism s w ith free cation interm ediates, he acknow ledged
the fact that the situation m ight not be so simple.
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In related studies Tam ao et al.12 reported that the cyclopropyl to allyl
ratio w as highly dependent u p o n the substituents on the olefinic un it of the
alkenyl(chlorom ethyl)silane. The reactions w ere carried o u t in
dichlorom ethane w ith 10% of alum inum chloride. The reaction courses
seem ed to be determ ined by the stability of the a - or |3-silyl carbocation.

Results and D iscussion

Eaborn 5 proposed a double-m igration transition state for a Lewis acid
catalyzed rearrangem ent of a-halosilanes w here a requirem ent for an
antiperiplanar conform ation of both m igrating groups is involved. We
have prepared a,oc-dihalosilanes w here w e can test this proposed transition
state by studying the outcom e of a double m igration. In order to determ ine
the reaction conditions required for the double m igration w e have
synthesized acyclic system s to test different Lewis acids and solvents (Figure
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1 ). The reactions w ere clean w hen AICI3 w as used as Lewis acid and DCM
as solvent. To the best of o u r know ledge this is the first tim e that double
phenyl m igration in a-halosilanes has been reported. The reactions w ere
follow ed b y the appearance of the benzylic signal in the 2H NM R a n d /o r
conversion to previously characterized derivatives. The th ird entry in
Figure 1 involves only a single m igration and is an exam ple w here the
reaction proceeds w ith high yield, w hich is often possible w ith single
m igrations. This reaction highlights the potential synthetic value of the
process a n d the need to be able to predict the stereochem ical outcom e.
P reviously K um ada an d Ishikaw a7b reported that
(dichlorom ethyl)pentam ethyldisilane undergoes tw o successive and
discrete intram olecular rearrangem ents w ith alum inum chloride. U nder
m ild conditions only m igration of the trim ethylsilyl group from silicon to
carbon occurred to give (trim ethylsilyl)(chlorodim ethylsilyl)chlorom ethane
in 83% yield (eq 8 ). By increasing the tem perature from 70 °C to 140 °C and
u sin g m ore alum inum chloride a second intram olecular rearrangem ent
occurred w ith the m igration of a m ethyl group from silicon to carbon
affording 1,1 -bis(chlorodim ethylsilyl)ethane in 70% yield (eq 9).

CH3
CH3-Si-CH C12
SKCHjJj
ch3

C H ,—Si-CHClSi(CHo)o
3

£

AICI3

~

~

a1c,3
140-150 °C

CH3
*• CH3-Si-CHClSi(CH3)3
Cl

®

ch3

► CH3—Si-CHMeSi(CH3)2Cl <9>
Cl

In o rd er to explain the product, K um ada and Ishikaw a m ade the reasonable
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assum ption that the m ethyl g;roup m igrated from the trim ethylsilyl group
and n o t from the silicon w ith a chloride already attached. This deactivation
tow ards further rearrangem ent has been observed before by other
researchers.41*
All previous attem pts to perform double m igrations resulted in
elim ination reactions, such as the one reported by Som m er et al.4h They
treated dichlorom ethyltrim ethylsilane w ith alum inum chloride and
obtained dim ethyldichlorosilane and ethylene. They concluded th at the
presence of a single chloro substituent on silicon prevented the occurrence
of fu rth er rearrangem ents. Som m er perform ed the reactions w ithout any
solvent, w hereas w e used dichlorom ethane as a solvent. A sim ilar
behavior, although not u n d er Lewis acid conditions, w as observed by
Seyferth and A rm brecht . 1 3 They healed trim ethyl(a,a-dichlorobenzyl)tin at
150 °C in cyclohexene and obtained dim ethyl tin dichloride and styrene. In a
sim ilar process, a double halogen exchange w as also observed w hen heating
p o ly fluoroalkyltrichlorosilanes . 1 4 The fluorine m igrated to the silicon and
the chlorine to the a-carbon, although in the end elim ination took place to
p roduce chloro and fluoro olefins.
W e needed to p repare (a,a-dihalo)cyclic silanes w here w e can perform
double m igrations an d find any stereochem ical preference for this
rearrangem ent. The synthesis devised for 1-m ethyl-l(dichlorom ethyl)silacyclopentane (1) is show n in fig 2. In the first step,
m ethylsilacyclopentane w as p rep ared by a G rignard reaction using 1,4dibrom obutane and m ethyldichlorosilane. The second step involved the
generation of dichlorocarbene from sodium trichloroacetate for the
insertion into the silicon-hydrogen bond. By using a crow n ether as a phase
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transfer catalyst, a yield of 57% of isolated product (1) w as obtained . 1 5
The synthesis devised for 1-dichlorom ethyl-l-ethylsilacyclopentane (2)
is sim ilar to the one for (1). In the first step, 1-chloro-l-ethylsilacyclopentane w as p rep ared by a G rignard reaction using 1,4d ib rom obutane and ethyltrichlorosilane w hich w as further reduced w ith
lith iu m alum inum hydride to obtain 1-ethylsilacyclopentane. The next step
involved th e generation of dichlorocarbene from sodium trichloroacetate
for the insertion into the silicon-hydrogen bond. By using a crow n ether as
a phase transfer catalyst, a yield of 40% of isolated pro d u ct (2) w as obtained . 5
All the interm ediates w ere com pletely characterized by NM R techniques
an d a com plete assignm ent w as done.
The rearrangem ent of 1 w as carried out by using A1C13/ DCM in a 10/1
m olar ratio of silane to A1C13. Since silicon-chlorine bonds are very
reactive, a reduction step w ith LiAlH 4 w as perform ed to facilitate w ork-up
an d isolation. The pro d u ct of the rearrangem ent-reduction sequence show s
a signal in the

NM R at 3.68 ppm that integrates for 2 hydrogens and a

triplet at 0.13 ppm that integrates for 3 hydrogens (Fig. 3). Thus w e believe
the p ro d u ct to be m ethylcyclopentylsilane. The product is form ed via tw o
consecutive a-halosilane rearrangem ents, the first of w hich gives ring
expansion producing a silacyclohexane interm ediate, and the second gives
ring contraction to a cyclopentane. A ny m ethyl m igration w ould have
generated a pro d u ct w ith a doublet for the m ethyl group in the *H NM R
th at w as not seen in the 1H N M R spectrum of the final pro d u ct before the
LiA lH 4 reduction (Figure 4). M oreover, the rearranged product before the
LiA lH 4 reduction show s a

NM R signal (singlet) at 0.77 ppm . This

chemical shift agrees w ith the one calculated by using the additivity
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constant for Cl (0.38 ppm for every Cl, so 0.76 ppm for tw o Cl attached to
MeSi) described by W illiam s . 1 6 Lewis acid-catalyzed an d fluoride-induced
ring expansion reactions going from five to six m em bered or six to seven
m em bered silacycloalkanes h ad been described . 1 7 ' 1 8 ' 1 9

A ring contraction

w as also reported by Barton et al.11 w hen perform ing the rearrangem ent of
2

-brom o- 2 -p h e n y l-l,l- dim ethyl- 1 - silacyclobutane.
The rearrangem ent of

2

w as done u n d er sim ilar conditions. The

silane to A1C13 m olar ratio used w as 10/1. The rearrangem ent w as follow ed
by a reduction w ith lithium alum inum hydride. The final reaction m ixture
show s the rearranged pro d u ct and a com petitive reaction that seems to be a
polym erization process that w as n o t further investigated. The rearranged
pro d u ct is believed to be cyclopentylethylsilane. The 1 H-NM R show s the Si
l l signals and the presence of the ethyl group attached to silicon. A COSY
experim ent show ing cross peaks betw een the Si-H nucleus and the
m ethylene protons of the ethyl u n it confirm ed this assignm ent. The 13C
NM R show s peaks that can be correlated w ith know n values for ethylsilane
moieties. The 13C NM R signals correspond to a cyclopentane ring w ith the
characteristic signal at 25 ppm and an upfield signal at 14.1 ppm due to the
shielding effect of the silicon group. The reported assignm ents w ere also
confirm ed by DEPT and H-C correlation experim ents, as well as m ass
spectral fragm entation patterns.
Conformational A nalysis of Cyclohexane Intermediates
M olecular m echanics calculations (MM2 ) 2 0 have been applied to
perform conform ational analysis of the silacyclohexane interm ediates in
this double m igration. The M M 2-calculated relative conform ational
energies and populations are show n in Fig. 5 and

6

. The trans isom er is

predicted to show preferentially a conform ation w here the Cl atom s occupy
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diaxial positions of a chair conform ation. W hile the cis isom er is
preferentially in the conform ation w here the Cl attached to the a carbon is
equatorial, an d w here the Cl attached to the silicon is axial. O ne of the m ain
factors governing the conform ational preference in the trans-isom er comes
from th e rotational potential function in Cl-C-Si-Cl system s (see Fig. 5 in
reference 21). W e have already analyzed this potential function by MM2
and ab initio m ethods . 2 1 For the cis-isomer the favorable "gauche effect "2 2
of th e Cl-Si-C-C system , the favorable "gauche effect" for the C-Si-C-Cl
system , and the preference of Cl to occupy an equatorial position justify
these results. The calculational results show th at in the m ajor conform er in
the cis isom er, a Cl substituent in the a position is aligned in an
an tip erip lan ar fashion w ith the other Si-Ca ring bond. The Me on Si is
an tip erip lan ar to the m igrating Cl only in the m inor (17%) conform er of the
cis-isom er an d in neither conform er of the trans-isom er. In the m ajor
conform er of the trans-isom er the Cl attached to the silicon is antiperiplanar
to the m igrating Cl and the pro d u ct of rearrangem ent w ould be an
en an tio m er of the starting trans-isom er.
A ssum ing that an antiperiplanar conform ational preference exists in
the transition state for m igration, ring bond m igration to produce the
cyclopentane is conform ationally allow ed in the m inor conform er of the
trans isom er and the m ajor conform er of the cis-isomer. M ethyl m igration
w o u ld be conform ationally allow ed if the reaction funneled through the
m inor cis conformer. It is certainly possible for the latter course to be
follow ed provided the activation energies for the m igration are high
en ough to overshadow the barriers betw een isom ers and betw een
conform ers. N evertheless, M e m igration is not observed. This result m ay
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be d u e entirely to the antiperiplanar conform ational preference, or inherent
differences in m igratory aptitudes for the ring bond and a Me group, or a
com bination of both reasons. A difference in m igratory aptitudes could be
d u e to electronic or steric effects. The form er seems im probable in the light
of earlier studies th at show ed little difference in m igratory aptitude of Et
versus Me. This is confirm ed by our results w hen perform ing the
rearrangem ents of 1 -dichlorom ethyl-l-ethyl-l-silacyclopentane w here no
ethyl m igration is detected. The conform ational populational analysis
using MM2 provide sim ilar results for the Et and Me cases. By substituting
Et for Me there should be com petition betw een Et group m igration and ring
bond m igration, if electronic effects w ere solely responsible for m igratory
preference. But it does appear reasonable that there w ould be additional
steric factors acting in the m igration of a Me or Et group; nam ely, repulsive
interactions w ith axial hydrogens across the ring, that w ould not be present
d u rin g the ring contraction.
A nother m echanistic possibility w ould be form ation of an at least
relatively free carbocation at the position a to the Si, follow ed by group
m igration. This possibility can be effectively elim inated for the therm al
rearrangem ents of a-(chloroethy)lsilanes3, b u t is a real possibility for the
Lewis acid-catalyzed versions of the reaction. In the present case, if a free
carbocation w ere involved, any stereoelectronic preference for the ring bond
m igration w ould be effectively rem oved, and only the steric effect described
in the previous paragraph could be responsible for the observed preference
for ring bond m igration. W e will attem pt to assess the potential m agnitude
of the steric effect calculationally.
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E x p erim ental Section

N M R spectra w ere recorded on either a Bruker AC 100, A C /W P 200 FT,
or A M 400 spectrom eter. All spectra w ere recorded in CDC13 solution. Mass
spectra w ere obtained on a H ew lett Packard 5985 G C /M S operating at 70 eV
using a 30 m x 0.25 m m i.d. 0.2-mm OV-i-B.P. fused silica capillary column.
The startin g silanes w ere either synthesized in o u r laboratories or w ere
com m ercially available.
R earran g em en t of (d ich lo ro m eth y l)d ip h en y lm eth y lsilan e.(D ichlorom ethyl)diphenylm ethylsilane (2.0 g, 7 m moles) w as ad d ed to a 10
mL M icroflex vial w ith a cooled solution (dry ice and acetone bath) of A1C13
(0.09 g, 0.7 m moles) in 5 mL of dichlorom ethane. The reaction m ixture
started changing colors and w as stirred for 5 h. The reaction w as quenched
by ad d in g MeMgBr (5 mL, 3.2 M) and w ork-up w ith a saturated solution of
N H 4 C1. After drying and rem oving the solvent, the

NM R of the product

(0.8 g, 50 %) m atched that of an authentic sam ple of
benzyhydryltrim ethylsilane. *H NM R

(8

ppm ): 7.30-7.16 (m, 10H, aromatic),

3.49 (s, 1H, CH Ph2), 0.03 (s, 9H, SiMe3).
R earran g em en t of (l,l-D ic h lo ro e th y l)d ip h e n y lm e th y lsila n e .Follow ing the p rocedure above, (l,l-dichloroethyl)diphenylm ethylsilane
(0.25 g, 0.85 mmole) reacted w ith A1C13 (0.02 g, 0.15 m mole) in 5 mL of
dichlorom ethane.

NM R

(8

ppm ) of the reaction m ixture show ed tw o

new signals at 1.89 (s, 3H, CPhCH3) and 0.65 (s, 3H, SiCl2 C H 3). The structure
of the rearranged product, (l,l-diphenylethyl)dichlorom ethylsilane w as
confirm ed also by G C /M S of the reaction m ix tu re:m /e (%) 296 (3.4), 295
(1.5), 294 (5.7), 182 (13.2), 181 (100.0), 166 (20.2), 165 (31.6), 114 (1.7), 113 (15.3),
103 (43.3).
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R earrangem ent of (a-C h lo ro b e n z y l)d im e th y lp h e n y lsila n e .
Follow ing the procedure above, (a-chlorobenzyl)dim ethylphenylsilane
(0.20 g, 0.77 m moles) reacted w ith A1C13 (0.02 g, 0.15 m moles) in 5 mL of
dichlorom ethane.

NM R of the reaction m ixture show ed com plete

conversion of the starting silane into the rearranged product,
benzhydrylchlorodim ethylsilane. 1H NM R (5 ppm ): 7.64-7.03 (m, 10 H,
arom atic), 3.76 (s, 1H, CH Ph2), 0.38 (s, 6 H, SiMe2 Cl).
P re p ara tio n of 1-M ethylsilacyclopentane.- M agnesium turnings (45g,
1.8moles) and 600 mL of ethyl ether w ere placed in a 3 L three-necked roundbottom ed flask equipped w ith a m echanical stirrer, reflux condenser, and a
N 2 inlet system . The solution w as activated w ith 1 mL of 1,2-dibrom oethane
d u rin g 1 h. 1,4-Dibrom obutane (95 g, 0.44 mole) and m ethyldichlorosilane
(50.7 g, 0.44 mole) in a solution of 800 mL of ether w ere ad d ed slowly over

8

h

. After stirring and refluxing for 2 days, the suspension w as p o ured into a 2 L
Erlenm eyer flask containing 75 g of N H 4 C1 and 600 mL of cold w ater. The
exotherm ic reaction w as controlled w ith an ice bath. After tw o layers had
clearly form ed, the ether layer w as separated and dried over anhydrous
M g S 0 4. The ether w as rem oved by fractional vacuum distillation and the
p ro d u ct distilled to give 15.8 g (0.15 moles, 36 %) of a colorless liquid, bp 88-90
°C. (lit. 91.5 °C23).

NM R

(8

ppm ): 0.15 p pm (d, J = 3.6 H z, 3H, SiMe); 0.40-

0.75 (m, 4H, H-2); 1.49-1.63 (m, 4H, H-3); 3.97-4.06 (m, 1H, Si-H). 13C NMR: 4.54 (SiMe); 10.42 (C-2,-CHr ); 27.22 (C-3,-CH2-).
P rep aratio n of 1 -D ich lo ro m eth y l-l-m eth y lsilacy clo p en tan e.- A
solution of 1-m ethylsilacyclopentane (6.04 g, 0.061 mole), Cl3CCOO Na (35.5 g,
0.192 mole), and 0.8 g of 18-crown-6 ether in 120 mL of toluene (dried over
sodium ) w as placed in a 250 mL round-bottom ed flask equipped w ith a
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m agnetic stirrer, reflux condenser, and a A r inlet system . The solution w as
refluxed for

8

h. As soon as carbon dioxide started to evolve, the solution

changed from colorlesss to brow n dark. The brow n reaction m ixture was
cooled a n d filtered through celite, w ashed w ith w ater and the organic phase
dried o ver N a 2 S 0 4. The solvent w as rem oved at reduced pressure (Im m H g)
an d the residue distilled by vacuum fractional distillation to give 6.3 g (57 %)
of 1-dichlorom ethyl-l-m ethylsilacyclopentane, b p 65-66 °C / 15 m mHg.
NM R (8 , ppm , 400MHz): 5.35 (s, 1H, SiCCl2 H), 1.70-1.60 (m, 4H, H-3), 0.95-0.60
(m, 4H , H-2), 0.35 (s, SiCH3). 13C NMR: 62.20 (SiCCl2 H), 26.89 (C-3,-CHr ),
10.33 (C-2,-CH2-), -5.98 (SiCH3). MS m /e (%): 141 (2.7), 139 (4.7), 128 (16.1), 126
(23.5), 115 (19.4), 113 (30.4), 101 (7.8), 100 (16.2), 99 (100), 98 (13.0), 97 (18.2), 71
(11.9).
R earran g em en t of 1 -D ichlorom ethyl-l-m ethylsilacyclopentane.- In a
100 m L three-necked round-bottom ed flask equipped w ith a m agnetic
stirrer, reflux condenser, and a N 2 inlet system , A1C13 (Aldrich, 0.18 g, 1.35
m m oles) w as placed in 40 mL of dichlorom ethane (Baker) and cooled to -78
°C w ith a d ry ice and acetone bath. 1-D ichlorom ethyl-lm ethylsilacyclopentane (4.0 g, 21.9 m moles) w as added, and the system w as
allow ed to w arm to room tem perature. The reaction m ixture tu rn ed violet
im m ediately and then rem ained brow n. A fter four h 1H NM R show s that a
rearrangem ent occurred.

NM R (8 , ppm , 100MHz): 1.60-1.00 (m, 9H), 0.77

(s, SiMe). 13C NMR: 22.4 (-CH2-), 21.9 (-CH2-), 21.8 (-CHr ), 1.37 (SiCH3). MS
m /e (%): 158 (0.6), 156 (5.9), 154 (8.7), 143 (2.1), 141 (3.0), 117 (12.9), 116 (4.0),
115 (66.2), 114 (5.9), 113 (100.0), 63 (12.9).
A fter rem oving the dichlorom ethane u n d er reduced pressure, the
reaction m ixture w as placed in an addition funnel w ith 50 mL of ethyl ether
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and slow ly ad d ed to a LiAlH 4 (0.76 g, 20 mmoles) solution in 30 mL of dry
ethyl ether. After stirring at room tem perature for ten h, the gray
suspension w as filtered and the excess LiAlH 4 decom posed w ith cooled
w ater. The organic phase w as dried and the solvent rem oved at reduced
pressure. Silica gel colum n chrom atography of the residue using hexane as
eluent gave a fraction that eluted fast (1.4 g, 60 %) and show ed spectroscopic
characteristics th at w e have assigned as cyclopentylm ethylsilane (some
im purities w ere present).

NM R (6 , ppm , 100MHz): 3.80-3.60 (m, 2H,

SiH), 1.44-1.10 (m), 0.90-0.60 (m), 0.12 (t, J = 4.1 H z, 3H, SiCH3).

NMR:

25.64 (-CHr ), 25.18 (-CHr ), 19.61 (-CH-), 10.90 (-CHr ), 10.55 (-CHr ), -8.52
(SiCH3).
P rep aratio n of 1 -C hloro-l-ethylsilacyclopentane.- M g turnings (45g,
1.8moles) and 500 mL of ethyl ether w ere placed in a 2 L three-necked
round-bottom ed flask equipped w ith a m echanical stirrer, reflux condenser,
an d a N 2 inlet system. The solution w as activated w ith 1 mL of 1,2dibrom oethane d uring 1 h. 1,4-Dibrom obutane (126.6 g, 0.58 mole) and
ethyltrichlrosilane (71.9 g, 0.68 mole) in a solution of 500 mL of ether w ere
ad d ed slowly over 5 h. After stirring and refluxing for 3 days, the w hite
suspension w as filtered u n d er N 2 atm osphere. The resulting solution w as
distilled to rem ove the ether. The residue w as distilled by fractional
distillation to yield 34 g (39 %) of 1-chloro-l-ethylsilacyclopentane, bp 130 °C.
m NM R

(8

ppm): 1.80-1.58 (m, 4H, H-3), 1.06 p pm (t, J = 7.1 Hz, 3H,

SiCH 2 C H 3), 0.97-0.90 (m, 4H, H-2), 0.85 ppm (q, J = 7.1 Hz, 2H, SiCH 2 CH3). 13C
NMR: 26.07 (C-3,-CH2-), 13.97 (SiCH 2 CH3), 9.45 (C-2,-CH2-). 6.96 (SiCH 2 CH3).
P rep aratio n of 1-E thylsilacyclopentane.- LiA lH 4 (Aldrich, 3.3 g,
0.0875 mole) and 500 mL of dry ethyl ether w ere placed in a 1 L three-necked
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round-bottom ed flask equ ip p ed w ith a m echanical stirrer, reflux condenser,
and a N 2 inlet system. A solution of 1 -chloro-l-ethylsilacyclopentane (13.0 g,
0.0875 mole) in 250 mL of dry ethyl ether w as ad d ed in half an hour w ith
stirring. D uring the addition, bubbles of gas w ere evolving. The reaction
m ixture w as stirred an d refluxed for 14 h. After filtering the reaction
m ixture, the excess of LiAlH 4 w as decom posed by adding som e cold w ater
and the organic phase w as separated. Ethyl ether w as rem oved by
distillation and the residue w as distilled by using a short-path distillation
colum n to give 5.0 g (50 %) of 1-ethylsilacyclopentane, bp 122-123 °C. 1H
N M R (5, ppm ): 3.96-3.91 (m, 1H, Si-H), 1.61-1.53 (m, 4H, H-3), 0.99 (t, J = 7.6
Hz, 3H, SiCH 2 C H 3), 0.73-0.40 (m, 4H, H-2), 0.73-0.40 p pm (m, 2H, SiCH 2 C H 3).
13C NMR: 27.36 (C-3,-CH2-), 8.50 (C-2,-CHr ), 8.19 (SiCH 2 CH3), 4.31
(SiCH 2 C H 3).
P reparation of 1 -D ich lo ro m eth y l-l-e th y lsilac y clo p e n ta n e.- A
solution of 1-ethylsilacyclopentane (5.0 g, 0.0438 mole), Cl3CCOONa (24.5 g,
0.132 mole), and 0.4 g of 18-crown-6 ether in 90 mL of dry toluene w as placed
in a 250 mL round-bottom ed flask equipped w ith a m agnetic stirrer, reflux
condenser, and a Ar inlet system. The solution w as refluxed for

8

h. As

soon as carbon dioxide started to evolve, the solution changed from
colorlesss to brow n dark. The brow n reaction m ixture w as cooled and
filtered through celite, w ashed w ith w ater and the organic phase dried over
N a 2 S 0 4. The solvent w as rem oved at reduced pressure (Im m H g) and the
residue distilled by vacuum fractional distillation to give 3.4 g (40 %) of 1dichlorom ethyl-l-ethylsilacyclopentane, bp 81-82 °C / 1 m m H g. *H NM R (8 ,
ppm , 400MHz): 5.37 (s, 1H, SiCCl2 H), 1.73-1.55 (m, 4H, H-3), 1.02 (t, J = 8.0 Hz,
3H, SiCH 2 CH3), 0.84 (q, J = 8.0 Hz, 2H, SiCH 2 CH3), 0.85-0.62(m, 4H, H-2). 13C
NMR: 61.79 (SiCCl2 H), 27.05 (C-3,-CHr ), 8.50 (C-2,-CHr ), 7.26 (SiCH 2 CH3),
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2.94 (SiCH 2 C H 3). MS m /e (%): 141 (4.9), 140 (5.7), 139 (7.2), 129 (5.6), 127
(10.0), 116 (1.6), 115 (8.7), 114 (19.9), 113 (100.0), 112 (11.9), 99 (10.0), 85 (97.0), 83
(14.5), 65 (20.8), 63 (39.3).
R earrangem ent of 1 -D ich lo ro m eth y l-l-eth y lsilacy cIo p en tan e.- In a
50 mL three-necked round-bottom ed flask equipped w ith a m agnetic stirrer,
reflux condenser, and a nitrogen inlet system , A1C13 (Aldrich, 0.12 g, 0.9
m mole) w as placed in 20 mL of dichlorom ethane (Baker) and cooled to -78
°C w ith dry ice and acetone bath. 1-D ichlorom ethyl-l-ethylsilacyclopentane
(1.8 g, 9 m moles) w as ad d ed and the system w as allow ed to w arm to room
tem perature. The reaction m ixture tu rn ed violet im m ediately and then
rem ained brow n. After three h a !H NM R show s th at a rearrangem ent
occurred. The reaction m ixture w as placed in an addition funnel an d slowly
added to a LiAlH 4 (0.40 g, 10 m moles) solution in 30 mL of dry ethyl ether.
After stirring at room tem perature for ten h, the gray suspension w as
filtered and the excess LiAlH 4 decom posed w ith cooled w ater. The organic
phase w as dried and the solvent rem oved at reduced pressure. Silica gel
colum n chrom atography of the residue using hexane as eluent gave a
fraction that eluted fast (0.5 g, 49 %) and show ed spectroscopic characteristics
that w e have assigned as cyclopentylethylsilane (some im purities w ere
present).

NM R (8 , ppm , 400MHz): 3.65-3.62 (m, SiH), 1.50-1.10 (m, H-3

and H-2 of cyclopentyl ring), 1.01 (t, J = 8.0 Hz, SiCH 2 CH3), 0.90-0.85 (m, H -l
of cyclopentyl ring), 0.66-0.64 (m, SiCH 2 C H 3). 13C NMR: 31.63 (-CHr ), 25.44
(-CH2-), 22.69 (-CH2-), 14.12 (-CH-), 9.13 (SiCH 2 CH3), 8.89 (-CH2-), 1.37
(SiCH 2 CH 3). MS m /e (%): 129 (0.7), 127 (0.6), 117 (3.1), 116 (7.1), 115 (57.3),
113 (9.6), 101 (7.6), 100 (1.0), 99 (10.5), 8 8 (3.1), 87 (32.4), 75 (3.5), 74 (8.3), 73
(100.0), 65 (17.9), 63 (27.1), 60 (3.6), 59 (44.5).
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Relative Conformational Energies
Calculated by MM2
ci
E

c u Si
^

ch3

Si

I

Cl

0.0 [ 86.0 % ] *
(4 .2 7 )

1.08 [ 14.0 % ]
(5 .3 5 )

H
Cl
S i'

I

C H 3

Cl

0.0 [83.0 % ]
(5.51)

0.94 [17.0 % ]
(6.45)

The values in parenthesis are MM2-calculated steric energies.
( Units: Kcal/mole).
* Population of each conformer at 25°C using a Boltzmann
distribution.

Figure 5. Relative conform ational energies calculated by MM2 for the
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Abstract
The synthesis and rearrangem ent of (oc-chlorobenzyl)- and (<xfluorobenzyl)silacyclopentanes provides a new synthetic ro u te for l-halo- 2 phenylsilacyclohexanes. The Lewis acid-catalyzed rearrangem ent of the l-(a chlorobenzyl)-l-m ethylsilacyclopentane produces a ring expansion affording
a 6 5/35 m ixture of isom ers of l-m ethyl-l-chloro-2-phenylsilacyclohexane. In
a sim ilar approach, l-(a-fluorobenzyl)-l-m ethylsilacyclopentane rearranges
u n d er therm al conditions to give a 55/45 m ixture of the analogous fluoro
derivative. The silacyclopentanes and silacyclohexanes w ere characterized by
NM R and MS. In both cases the m ajor isom er w as the (E)-isomer (phenyl
and halide both occupying equatorial positions). W e have attem pted to
rationalize these experim ental findings by conform ational analysis using
calculational m ethods. A b initio results for ethylfluorosilane confirm the
preference of the Me group to ad o p t a gauche conform ation. MM2
calculations for l-m ethyl-l-chloro- 2 -phenylsilacyclohexane predict a greater
stability for the Z-isom er w hich is not the one inferred to be the m ajor
rearrangem ent prod uct from the NM R analysis.

Introduction
W e have been interested in developing a new m ethodology to
synthesize l-halo-2-phenylsilacyclohexanes. These structures will provide
starting m aterial to study the stereochem istry of reactions in a 2 -phenyl
su b stitu ted silacyclohexane1, and will help us in the developm ent and
refinem ent of MM2 param eters for silylhalides 2 m oieties, by providing
isom er-enriched m ixtures of different halides. M oreover they are im portant
interm ediates in o u r synthetic approach to build an enriched m ixture of 2 -
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halo- 2 -phenylsilacydohexanes w hich w e can later rearrange to perform
stereochem ical studies . 3
M ost of the synthetic routes for silacydohexanes involve the use of
G rignard reactions, w hich lim it th e num ber of functional groups that can be
introduced into the ring or on silicon . 4 A nother com m on w ay to generate
silacydohexanes is by intram olecular hydrosilylation reactions, b u t the
reactions afford substituted silacyclopentane rings in preference to
silacydohexanes . 5 Soderquist et al.6 reported the synthesis of 2 -substituted
silacydohexanes by a hydroboration reaction.
There are few exam ples in the literature of 2-phenyl substituted silicon
heterocycles. G ilm an and A tw ell 7 reported the synthesis of 1,1,2 -triphenyl-1silacyclobutane and 1,1,2-triphenyl-l-silacyclopentane. Both syntheses w ere
accom plished by an intram olecular G rignard cyclization reaction of
dibrom ides. These dibrom ides w ere generated by a previous G rignard
reaction of suitable alkyl halides and diphenylchlorosilane (eq 1). In a
sim ilar approach, W eber et al.

8

synthesized l,l-d im eth y l-2 -p h en y l-l-

silacyclobutane (eq 2). They started their route by perform ing a
hydrosilylation of allylbenzene w ith dim ethylchlorosilane to obtain (3phenylpropyD dim ethylchlorosilane. Brom ination an d a subsequent
G rignard cyclization afforded l,l-d im eth y l- 2 -phenyl-l-silacyclobutane in 50%
yield.
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PhCH2CH2CH2Br
+

^
—

Ph(CH2)3 SiHPh2

CISiPh2H
1. NBS
2. M g/THF

(Eq 1)

^ i — S i-P h
Ph
Ph
PhCH2CHCH2
+

H2PtCl6
Ph(CH2)3 SiClMe2

HClSiMe2
1. NBS
2. M g/THF

Ph

-Si-M e
Me

(Eq 2)

Ring expansion reactions u n d er Lewis acid-catalyzed conditions have
been reported for silacyclopentanes expanding into silacydohexanes9, and
from silacydohexanes to silacycloheptanes . 1 0 ' 1 1 In a sim ilar w ay ring
expansions have been perform ed by fluoride-induced m igrations . 1 2 ' 1 3 ' 1 4 We
now report a new synthetic ro u te for 2 -substituted silacydohexanes by an
initial insertion reaction of phenylhalocarbene into the Si-H bond of
m ethylsilacyclopentane an d subsequent ring expansion.

61

Results and Discussion

The synthesis devised for l-halo-l-m ethyl-2-phenylsilacyclohexanes is
show n in Figure 1 and Figure 2. The first step is an insertion reaction of
phenylhalocarbene into the Si-H bond of m ethylsilacyclopentane to give 1(a-halobenzyl)-l-m ethylsilacyclopentanes. The carbene w as generated by the
therm al decom position of 3-halo-3-phenyldiazirine . 1 5 ' 1 6 ' 1 7 This insertion
reaction proceeds w ith good yields of isolated products an d is a very clean
reaction. W e d id not observe any intrannular Si-C insertion to give ring
expansion, as observed by Seyferth 1 8 for silacyclobutanes. The l-(a halobenzyl)-l-m ethylsilacyclopentanes obtained w ere characterized by NM R
and MS analysis. !H NM R show s a characteristic halobenzyl singlet at 4.41
p p m for the chloro-substituted silane and a doublet at 5.57 ppm for the
fluorobenzyl case w ith a strong gem inal coupling (2 Jh-f) ° f 45 Hz. The 13C
NM R show s a gem inal benzylic C-F coupling (2 Jc-p) of 150 H z and a 3 JC_F w ith
the Me group of 2.4 Hz. G C /M S analysis of the chlorosilane show s a
m ethylsilacyclopentane ion as the base ion that results from cleavage of the
benzylic Si-C bond. The G C /M S studies for the fluorobenzyl case show a
rearrangem ent taking place d u rin g the analysis due to the high tem perature
in the GC colum n.
The rearrangem ent of l-(a-ch lorobenzyl)-l-m ethylsilacyclopentane
(Fig. 1) w as perform ed under Lewis acid-catalyzed conditions. Good yields of
isolated pro d u ct w ere observed w hen using A1C13 in DCM and a silane to
catalyst m olar ratio of 10/1. The product m ixture w as characterized by NM R
and MS. 1H N M R integration show s a 65/35 isom eric m ixture w ith
characteristic singlets for the MeSi substituents and the presence of a benzylic
proton a to silicon. C om plete characterization w as done by using H-C
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correlation, COSY, and DEPT experim ents (Figure 3 and Figure 4). The 13C
NM R signals show the expected chemical shifts values for a
silacy clohexane . 1 9
The rearrangem ent of l-(a-fluorobenzyl)-l-m ethylsilacyclopentane
(Fig. 2) w as perform ed under therm al conditions . 2 0 A t 160 °C a high
conversion of the starting silane into a 55/45 isom eric m ixture of 1-fluoro-lm ethyl-2-phenylsilacyclohexane w as achieved. The

NM R spectrum of

the p ro d u ct show s the characteristic couplings of the SiMe group w ith the F
attached to Si. The SiMe signal appears upfield for both isom ers du e to a
diam agnetic anisotropic shift 2 1 created by the presence of the phenyl group.
This shift has previously been observed for phenyl-substituted cyclic
silanes . 2 2 ' 2 3 The 13C NM R p rovided additional inform ation du e to the
coupling of the F w ith the carbons of the silacyclohexane ring (Figure 5).
We n eed to assign the configuration of each isomer; nam ely,
distinguish Z- from E-isomer. W e assum e that the m ain effect on the
shielding of th e ring signals is du e to the presence of the F either occupying
an axial or equatorial position in the silacyclohexane chair. The assum ption
is based on (1) a Si-F bond is m ore polarized than a Si-Me bond, (2) the y
effect 2 4 (the upfield shift observed for the resonance of a carbon w hich is
gauche to another carbon or heteroatom ) could have its origin either from a
hyperconjugative interaction w hen second row elem ents are present in an
anti-periplanar configuration or from the interaction betw een the
backw ards-facing lobes of the C a and the C y bonding orbitals25, (3) F has m ore
p electrons available to do this stereoelectronic interaction than C.
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W hen the F occupies an axial position it is not capable of having a
coupling 2 6 w ith the C3 and C5 carbons, and w e observe coupling for only one
isomer. W hen F occupies the equatorial position, coupling w ith C3 and C5
carbons will occur. These facts w ere used to assign the m ajor isom er as a (E)isom er (trans) in w hich both the F and the phenyl occupy equatorial
positions. The 1H NM R show s the M e signal of the m ajor isom er dow nfield
com pared to the m inor isom er, thus indicating that the Me group occupies
an axial position . 2 7 The G C /M S chrom atogram show s tw o peaks w ith a
55/45 ratio and the m ajor isom er elutes second. Presum ably the m ore polar
isom er w ill elute later, bu t it is difficult to predict a priori w hether Z or E will
be m ore polar.
If w e apply this analysis to the Si-Cl isom er m ixture, then by changing
F by Cl w e should see a shift upfield of 0.222 8 ppm in the 1H NM R chemical
shift of the Me group. This displacem ent of the MeSiX signal due to the
change in halogen electronegativity is in fact observed. A pplying the
em pirical rule that an equatorial Si-Me appears upfield from one in an axial
p o sitio n 27, the major isom er w ould have the Cl occupying an equatorial
position. In the Cl case the G C /M S chrom atogram show ed tw o peaks, bu t
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now the the m ajor (E)-isomer elutes first.
The MS fragm entation patterns for the l-halo- 2 phenylsilacyclohexanes show sim ilarities (Figures

6

and 7). The m olecular

ions are present in high abundance for both halides, and for the fluoride it is
even the base peak. This behavior has been previously observed in our
g ro u p 4c for 2-m ethylsilacyclohexanes. For the tw o halo derivatives the
fragm entation patterns dow n to 117 m / e are exactly displaced by 16 m /e ,
w hich is the atom ic w eight difference betw een Cl and F. The continuing
fragm entation dow n from 117m /e is exactly the sam e for the tw o cases. In
this region the fragm entation patterns are not dom inated by fragm ents
containing Si or halide but rather by hydrocarbons that fragm ent into a
tropylium ion (91 m /e ). The loss of a m ethyl radical from the m olecular ion
does not account for prom inent peaks, nor does the loss of C 2 H 4, both of
w hich are som etim es com m on fragm entation p aths for silacycloalkanes.
The M-43 peak corresponds to the form ation of 2-phenyl-l-halo
silacyclobutane ions (181 and 165 m /e respectively). All the above peaks
w ere assigned by taking into account the relative isotopic abundance of Si, F,
and Cl, w hich facilitated the analysis.
The conform ational preferences of 1-fluoro- an d 1chlorosilacyclohexane derivatives w ere investigated by using calculational
m ethods. W e have developed MM2 2 9 param eters for chlorosilanes2, b u t
MM2 param eters for fluorosilanes are not available yet. H ow ever, w e have
used ab initio 3-21G(*) calculations to com pare ethylfluoro- and
ethylchlorosilane, w hich are basic structures containing the tw o halides
attached to Si. Rotational potential energy functions of ethylfluoro- and
ethylchlorosilane calculated using the 3-21G(*) basis set 3 0 are depicted in
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Figure 8 . The rotational barriers of ethylfluorosilane are slightly low er than
those of ethylchlorosilane d u e to the sm aller size of the F atom . H ow ever,
the g a u c h e /a n ti energy gap of ethylfluorosilane is quite different from that of
ethylchlorosilane. W hile ethylchlorosilane show s a large gauche preference
(by 0.17 kcal/m ol), ethylfluorosilane show s alm ost the sam e energy betw een
the gauche and anti conform ers. Just considering the difference in size of F
and Cl, the large "gauche effect" of Cl com pared w ith F is surprising.
H ow ever, w e have already established that the origin of the gauche effect in
the C-C-Si-Cl fram ew ork is (1) little steric crow dedness d u rin g the rotation
aro u n d the C-Si b o n d an d (2 ) the attractive non-bonded/electrostatic
interactions betw een the Me an d C l . 3 1 Hence, the sm all gauche effect of
ethylfluorosilane m ay be explained by the less attractive interactions w ith the
h ard, sm all F atom (less polarizable than Cl).
The conform ation of l-fluoro-l-m ethyl-2-phenylsilacyclohexane can
be estim ated by assessing the preference of each substituent. The A values of
substituents at C are larger than the A values of substituents at Si in
silacyclohexane derivatives . 2 Hence, the phenyl group attached in the C2
position should be in an equatorial position in all preferred conform ations.
Since the Me group attached to Si favors the axial position , 2 9 the
conform ational energy of the (E)-isomer is slightly low er than that of the (Z)isom er, u n d er the assum ption that the tw o isom ers are in equilibrium . The
relative conform er populations estim ated from the relative conform ational
energies and the Boltzm ann distribution follow the sam e trend as those
inferred from the NM R analysis. This m ay be significant, or m ay be
fortuitous, since there is no direct evidence th at isom erizations take place.
MM2 calculations on l-chloro-l-m ethyl-2-phenylsilacyclohexane

66

(Figure 9) have been carried o u t using th e param eters for chlorosilanes
developed by us , 2 the param eters for phenyl ring developed by Beckhaus , 3 2
and using the values VI =0.02; V2=-0.19; V3=0.20 for C(Sp2 )-C-Si-Cl param eter
(taken from C-C-Si-Cl param eter). The p o pulation analysis from MM2 steric
energies show s th at th e m ajor isom er (60%) is the (Z)-isomer. This is the
opposite preference to the one inferred from the NM R results on the pro d u ct
of rearrangem ent, and also opposite to b oth the NM R results and the
sem iquantitative conform ational analysis for the F derivative. The NM R
analysis m ay be in error, since it is based m ainly on the expected chemical
shift of axial and equatorial M e groups on Si, or alternatively the NM R
analysis m ay be correct and w e are dealing w ith som ething other than an
equilibrium m ixture. Further experim ents are under w ay to confirm the
NM R interpretation by using other NM R techniques.

C o n c lu s io n s

M ost of the possible routes for synthesis of silacyclohexanes involve
the usage of G rignard reagents, w hich lim it the range of different
substituents in the target m olecule. O ur route uses a carbene insertion
reaction an d the rearrangem ent of the resulting a-halosilanes. The insertion
reaction of phenylchlorocarbene generated from the chlorobenzyldiazirine
into the silicon-hydrogen bond of m ethylsilacyclopentane produces (achlorobenzyl)silacyclopentane, w hich u n d er Lewis acid-catalyzed conditions
produces a ring expansion affording a 65/35 (E /Z ) isom er m ixture of 1m ethyl-l-chloro-2-phenylsilacyclohexane. In a sim ilar approach, in a one pot
reaction u nder therm al conditions a 55/45 (E/Z) isom er m ixture of the
fluoro derivative w as obtained. This m ethodology appears to be adaptable to
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the preparation of silacydohexanes w ith a variety of substituents in the 2 position.
These experim ental findings w ere rationalized by conform ational
analysis using calculational m ethods. A b initio ru n s for ethylfluorosilane
confirm the preference for th e M e group to ad o p t a gauche conform ation.
MM2 calculations for l-m ethyl-l-chloro-2-phenylsilacyclohexane give a Z /E
preference opposite to th at inferred for the p ro d u ct m ixture from the NM R
analysis.

E xperim ental Section

lH NM R spectra w ere recorded on either a Bruker AC 100, A C /W P
200 FT, or AM 400 spectrom eter. All spectra w ere recorded in CDC13
solution. M ass spectra w ere obtained on a H ew lett Packard 5985 G C /M S
operating at 70 eV using a 30 m x 0.25 m m i.d. 0.2-mm OV-l-B.P. fused silica
capillary column.
P rep aratio n of M ethysilacyclopentane.- M agnesium turnings (45g,
1.8 moles) and 600 ml of ethyl ether w ere placed in a 3 L three-necked roun d
bottom flask equipped w ith a m echanical stirrer, reflux condenser, and a N 2
inlet system . The solution w as activated w ith 1 mL of 1,2-dibrom oethane
d u rin g lh . 1,4-Dibrom obutane (95 g, 0.44 mole) and m ethyldichlorosilane
(50.7 g, 0.44 mole) in a solution of 800 mL of ether w ere ad d ed slowly over

8

h. After stirring and refluxing for 2 days, the suspension w as poured into a 2
L Erlenm eyer flask containing 75 g of N H 4 C1 and 600 mL of cold water. The
exotherm ic reaction w as controlled w ith an ice bath. After tw o layers had
clearly form ed, the ether layer w as separated and dried over anhydrous
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M g S 0 4. The ether w as rem oved by fractional vacuum distillation and the
p ro d u ct distilled to give 15.8 g (0.15 mole, 36 %) of a colorless liquid, bp 88-90
°C.(lit. 91.5°C)33.

NM R

(6

ppm ): 4.06-3.97 (m, 1H, Si-H), 1.63-1.49 (m, 4H,

H-3), 0.75-0.40 (m, 4H, H-2), 0.15 (d, J = 3.6 H z, 3H, SiMe). 13C NMR: 27.22 (C3,-CH2-), 10.42 (C-2,-CH2-), -4.54 (SiMe).
P rep aratio n of l-(a-C h lo ro b en zy l)-l-m eth y lsilacy clo p en tan e.- 3.74 g
(0.0374 m ole) of m ethylsilacyclopentane and 7.4 g (0.0486 mole) of
chlorophenyldiazirine w ere placed in a 50 mL round-bottom ed flask
eq u ip p ed w ith a reflux condenser, Ar inlet system , and a m agnetic stirrer.
The yellow solution w as slow ly heated w ith an oil bath at 70 °C during 5 h.
D uring th at tim e a strong evolution of bubbles w as observed (N2), and the
reaction m ixture turned darker. The product w as collected by reduced
pressure fractional distillation to give a colorless liquid (5.6 g, 67%), bp 135136 °C /0.1 m m H g. !H NM R

(8

ppm ): 7.30-7.25 (m, 5H, Arom atic H), 4.41 (s,

1H, CHC1), 1.58-1.45 (m, 4H, H-3), 0.85-0.72 (m, 2H, H-2), 0.55-0.41 (m, 2H, H-2),
0.15 p p m (s, 3H, SiMe). 13C NMR: 128.27,126.85, and 126.61 (Aromatic C),
51.46 (CHC1), 26.89 and 26.87 (C-3,-CH2-, diastereotopic C), 10.46 and 10.42 (C2,-CH2-, diastereotopic C), -5.08 (SiMe). MS m /e (%): 226 (0.8), 225 (0.4), 224
(2.9), 117 (17.6), 105 (10.2), 104 (8.97), 100 (10.4), 99 (100.0), 97 (25.3), 91 (9.9), 90
(9.1), 89 (11.3), 71 (23.8), 63 (13.3), and 59 (8.9).
P re p ara tio n of l-C h loro-l-m ethyl-2-phenylsilacyclohexane.- 0.3 g
(2.2 m m ol) of AICI3 and 50 mL of dichlorom ethane w ere placed in a 100 mL
round-bottom ed flask equipped w ith a m agnetic stirrer,a reflux condenser,
and A r inlet system. The solution was cooled to -78 °C (with a bath of dry ice
and acetone) and 5.5 g (25 m mol) of l-(a-chlorobenzyl)-lm ethylsilacyclopentane w ere added. The reaction m ixture changed violet in
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color an d w as stirred at room tem perature for 6 h. After rem oving the
solvent by vacuum distillation, the product w as collected by reduced pressure
fractional distillation to give a 65:35 m ixture of tw o isom ers as a yellowish
liquid (2.5 g, 50%), bp 118-120 <€/0.01m m H g. *H N M R (5 p p m ) : 7.50-7.10 (m,
5H, Arom atic H), 2.30 (m, 3H), 1.70 (m, 4H), 1.00-0.80 (m, 2H, H6), 0.37 (s,
SiMe ax), 0.28 (s, SiMe eq). 13C NMR(65 and 35 % isom er mixture): 128.89,
128.82,128.09,127.34,127.14,124.97 (Aromatic C), 37.93 (C2, CHPh, tw o
signals), 30.11 and 31.02 (C4, C H 2) , , 29.48 and 28.99 (C3, CH2), 23.08 and 24.81
(C5, C H 2), 16.61 and 17.20 (C6> CH2Si), -0.56 and -3.85 (SiMe ax and SiMe eq).
MS m /e (% ): 226 (7.3), 225 (7.4), 224 (35.8, M), 209 (0.6), 196 (1.5), 195 (1.3), 183
(3.6), 182 (4.0), 181 (7.0), 170 (3.3), 169 (3.4), 168 (11.3), 157 (4.9), 156 (1.8), 155
(14.0), 146 (8.9), 145 (6.0), 133 (8.6), 131 (6.1), 119 (6.1), 118 (14.2), 117 (100.0), 115
(26.3), 107 (10.9), 105 (20.1), 104 (71.2), 103 (15.0), 92 (26.2), 91 (52.0), 81 (13.6), 79
(39.9).
P rep aratio n of l-(a-F lu o ro b en zy l)-l-m eth y lsilacy clo p en tan e.- 0.5 g
(5 m m oles) of m ethylsilacyclopentane and 1.0 g (7.3 m moles) of
fluorophenyldiazirine w ere placed in a 10 mL round-bottom ed flask
equipped w ith a reflux condenser, Ar inlet system , an d a m agnetic stirrer.
The yellow solution w as slowly heated w ith an oil bath at 110 °C during 10 h.
D uring that tim e a strong evolution of bubbles w as observed (N2), and the
reaction m ixture turned darker. 1H NM R of the reaction m ixture show ed
that the starting silane w as com pletely consum ed. The product w as isolated
and purified by colum n chrom atography using hexane as eleuent to give a
colorless liquid (0.62 g, 60%).
H), 5.57 (d,

ijh . f

NM R (8 ppm): 7.60-7.10 (m, 5H, Aromatic

= 45 Hz, 1H, CHFPh), 1.70-1.45 (m, 4H, H-3), 0.80-0.45 (m, 4H,

H-2), 0.13 p pm (s, 3H, SiMe). 13C NMR: 132.5,128.9,128.2 (Aromatic C), 93.03
(d, 1JC.F= 170 Hz, CHFPh), 26.87 and 26.79 (C-3,-CHr , diastereotopic C), 9.60
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(C-2,-CH2-, diastereotopic C), -6.07 (d, 3Jc-f = 2.4 H z, MeSi-CF). G C /M S show s
tw o peaks p ro d u ct of the rearrangem ent of the silane that took place during
the analysis.
Preparation of l-Fluoro-l-m ethyl-2-phenylsilacyclohexane.- 0.46 g
(2.2 m m ol) of l-(a-fluorobenzyl)-l-m ethylsilacyclopentane w ere placed in a
10 mL round-bottom ed flask equipped w ith a m agnetic stirrer,a reflux
condenser, an d A r inlet system. The solution w as heated at 160 °C w ith an
011 b a th d u rin g one day. !H NM R of the reaction m ixture show ed a very
clean reaction an d a com plete conversion of the starting m aterial into a 55/45
isom er m ixture of tran s-and cis-l-fluoro-l-m ethyl-2-phenyl-silacyclohexane.
N M R (8 ppm ): 7.60-7.03 (m, 10H, A rom atic H), 2.30 (m, 3H), 1.70 (m, 4H),
1.00-0.80 (m, 2H, H6), 0.07 (d, 2JH-f = 7.31 H z, SiMeaxF ), 0.01 (d, 2JH_F = 7.46 Hz,
SiM eeqF ). 13C NM R (55 and 45 % isom er mixture): 131.76, 131.51,129.82,
128.07,127.30,126.65,126.49,124.62,124.44 (Aromatic C), 37.20 (d, 2JC.F= 11.8
Hz, C2, CHPh) and 35.89 (d, 2JC.F = 9.2 Hz, C2, CHPh), 29.22 and 31.29 (C4,
CH2), 30.36 (d, 3Jc_f = 3.0 Hz, C3, CH2) and 28.84 (C3, CH2), 24.44 (d, 3JC_F = 4.3
Hz, C5, CH2) and 23.29 (C5, C H 2), 14.2214.08,13.93 not resolved (C6, CH2Si), 4.05 (d, 2JC-f = 14.75 H z, C7, FSiCH3) and -6.90 (d, 2JC_F = 14.90 Hz, C7, FSiCH3).
MS m /e (% ): m inor isomer: 210 (3.7), 209 (19.1), 208 (100.0, M), 193 (1.7), 180
(3.5), 179 (4.9), 167 (3.5), 166 (7.9), 165 (10.1), 154 (1.5), 153 (6.0), 152 (16.5), 141
(1.3), 140 (2.4), 139 (19.5), 131 (3.2), 130 (8.7), 133 (8.6), 119 (1.1), 118 (9.5), 117
(75.8), 115 (21.4), 107 (10.9), 105 (6.6), 104 (39.2), 103 (10.5), 92 (4.2), 91 (31.2), 89
(13.9), 81 (13.6), 78 (9.6), 63 (16.6), 47 (12.7).
m ajor isomer: 210 (4.1), 209 (20.1), 208 (90.0, M), 193 (1.3), 180 (3.3), 179
(4.3), 167 (3.5), 166 (7.9), 165 (11.2), 154 (1.5), 153 (6.0), 152 (29.8), 141 (1.3), 140
(2.4), 139 (31.1), 131 (3.2), 130 (8.7), 133 (8.6), 119 (1.1), 118 (11.2), 117 (100.0), 115
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(21.3), 107 (10.9), 105 (6.6), 104 (50.1), 103 (10.5), 92 (4.2), 91 (45.2), 90 (44.2), 89
(13.9), 81 (13.6), 78 (9.6), 63 (22.2), 47 (17.5).
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ethylchlorosilane calculated by 3-21G(*) basis set.
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E-isom er (0.16) 43 %

Z-isomer (0.00) 57 %

Figure 9. MM2 calculations on l-chloro-l-m ethyl-2phenylsilacyclohexane isom ers (The values in parentheses
are relative conform ational energies; units in kcal/m ol).
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ABSTRACT
W e have applied m olecular m echanics calculations to predict that
trans-l,2-bis(trim ethylsilyl)cyclohexane (BTMSC) is stable in a som ew hat
distorted diaxial chair structure, no t in the diequatorial chair or tw ist
structure. The synthesis an d separation of cis- and trans-BTMSC is reported.
Cis-BTMSC show s a tem perature dep en d an t proton NM R w ith a coalescence
tem perature of -60 °C in a 200MHz field. T w o-dim ensional NM R techniques
have been utilized to study th e conform ational preferences of trans-BTMSC.
The presence of a long range coupling of equatorial hydrogens, an d an
upfield displacem ent in the 13C an d

NM R signals com paring the cis to the

trans isom er, indicates a rigid conform ation. C oupling constants extracted
from an ECOSY experim ent are in close agreem ent w ith those calculated
w ith a Karplus type equation, using dihedral angles calculated for the diaxial
chair.
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IN T R O D U C T IO N

O ur research in conform ational and stereochem ical effects on cyclic
organosilanes has led us to stu d y the interesting cases of
bis(trim ethylsilyl)cyclohexanes (BTMSC).1'2 W e have applied m olecular
m echanics calculations to predict that trans BTMSC is stable in a som ew hat
distorted diaxial chair structure, n o t in the diequatorial chair or tw ist
structure (Fig.l an d Fig.2).3 W hile m ost substituents, including
trim ethylsilyl groups (A value is 2.5 kcal/m ol),4 prefer an equatorial position
on a cyclohexane chair, the presence of larger groups on adjacent carbons
represent a special case.5 In the trans diequatorial isom er of BTMSC the
trim ethylsilyl groups have unfavorable gauche interactions; w hereas, the
trans diaxial isom er has unfavorable across the ring 1,3-diaxial interactions.
The net effect of these opposing influences on the structure is not obvious.
The results from em pirical force field calculations reported earlier for
trans-BTMSC can be rationalized by stating that attractive non-bonded
interactions betw een the trim ethylsilyl groups dom inate the conform ational
features of these isom ers, an d result in the unusual stability of the transdiaxial isom er. The attractive non-bonded interactions m ay arise from
longer Si-C bonds lengths and m eth y l/m eth y l distances and enhanced
silico n /m eth y l attractions.
The present p ap er6 reports the synthesis and NM R conform ational
analysis of trans-BTMSC in an attem pt to confirm our calculational results.
BTMSC has been previously prepared by Eaborn et al.7 (Table I) by the
reduction of disilylbenzene, and the cis and trans isom ers w ere separated by
preparative GC. One of the tw o isom ers show ed a tem perature dependant
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p ro to n NM R spectrum and w as assigned to be the cis isomer. The other w as
assum ed to be a trans diequatorial isom er. Kitching et al .8 have also
p rep ared BTMSC by hydrogenation (R h/C ) of 3,4bis(trim ethylsilyl)cyclohexene and obtained only one isomer. They assigned
th at isom er as the cis-BTMSC based on the 1H and 13C spectra of the 3,4bis(trim ethylsilyl)cyclohexene precursor and the assum ption of synh y d ro g en atio n .

R esults and D iscussion

Synthesis and separation of cis-and trans-BTMSC
Fig.3 show s the synthetic schem e follow ed to p repare cis-and transBTMSC. Several other routes9*11 w ere considered before choosing the m ore
direct m ethod of Calas et al.12 to prepare l,2-bis(trim ethylsilyl)benzene. The
first step gave a satisfactory yield of l,2-bis(trim ethylsilyl)benzene w hose
spectroscopic properties coincide w ith the ones reported earlier.13 The
reduction step is a m odification of Eaborn's procedure by dissolving the
m etal in propylam ine instead of ethylam ine.14 W e w ere able to duplicate
Eaborn's GC separation.7
Cis-BTMSC
The 1H NM R of the cis isom er show ed a tem perature dependence w ith
a coalescence tem perature of -60 °C in a 200 M Hz field (Fig.4). This
dependence was also observed by Eaborn et al. in a carbon disulfide
so lu tion.7 A t slow exchange conditions the m ethyl groups of the
trim ethylsilyl substituents occupying axial and equatorial positions will give
rise to tw o different absorptions. The

NM R spectrum m atches the one
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reported earlier by Eaborn. The

COSY spectrum (Fig.5) show s cross

peaks betw een the signal at 1.06 p p m an d the signal at 1.50 ppm that w e
assign to be the interaction betw een the Ca and Cp protons. W e assign the
cross peak betw een the signals at 1.50 p pm and 1.60 p pm as the interaction of
Cp a n d Cy protons.
The 13C spectrum show s only three peaks w ith a broad signal at 29.20
p p m d u e to ring carbons experiencing a rap id chair interconversion at room
tem p erature (Table II).
Trans-B T M SC
The 1H NM R and 13C N M R spectra of the trans isom er show ed no
tem p erature dependence betw een 50 °C and -50 °C. The 1H NM R spectrum
does not m atch the one rep o rted earlier by Eaborn.7 The signal at 0.2 p p m is
absent, and in its place tw o new signals appear at 1.24 and 1.01 ppm . The 2H^

COSY spectrum (Fig. 6) show s three cross peaks betw een the signal at 1.01

p p m and the rest of the signals. The m ost upfield signal should be the one
closest to the trim ethylsilyl substituents; thus, w e assigned the 1.01 ppm
signal to the Ca proton. The absence of coupling betw een Ca and the signal
at 1.24 p p m prom pted us to assign the latter signal to the Cy proton. Since
the 1.24 p p m signal is upfield relative to the other Cy proton, it is assigned to
be an axial hydrogen. The axial assignm ent is also reasonable du e to the
absence of long range coupling betw een this Cy proton an d the C a proton. If
the C a proton is equatorial (as it w ould be if the trim ethylsilyl group is axial),
there should be W -coupling w ith the equatorial Cy hydrogen, b u t not w ith
the axial Cy proton. It is assum ed that the axial Cp protons are upfield w ith
respect to the equatorial Cp protons.
The 13C NM R spectrum of the trans isom er (Figure 7) show s four
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signals. Those signals m atch those of the product obtained by Kitching by
red u ction of 3,4-disilylcyclohexene.8 Kitching assigned it as the cis-BTMSC
isom er (but did not report tem perature dependant work). H e assum ed that
hy d ro genation of cis-bis(trim ethylsilyl)cyclohexene w ould lead exclusively to
cis-BTMSC. In our w ork, by doing DEFT experim ents the signal at -0.68 pp m
w as confirm ed to be from the trim ethylsilyl group (CH3), the signal at 23.30
p p m from the Ca (-CH-)( and the tw o other signals are from m ethylene
carbons (-CH2-).
The 1H -13C heteronuclear shift correlation (Fig. 7) provides additional
inform ation. It show s the expected cross peak betw een C a an d its proton,
tw o cross peaks for the 13C NM R signal at 25.16 p pm w ith the protons at 1.24
and 1.53 ppm , and a broad cross peak betw een the signal at 25.41 ppm and the
signals at 1.6-1.70 ppm . Since w e already concluded from the 1H -1H COSY
experim ent that the signal at 1.24 p pm w as from an axial Cy proton, the 13C
NM R signal at 25.16 p pm and the 1H NM R signal at 1.53 ppm are associated
w ith Cy.
NO E and J-resolved experim ents did not help w ith respect to the
preferred conform ation of BTMSC. The NOE experim ents show ed a strong
effect w ith the a protons w hen the trim ethylsilyl groups w ere irradiated.
The J-resolved spectrum show ed com plicated patterns presum ably coming
from long range coupling of the ring protons.
y-G auche an d anti vicinal h y d ro g en interactions
By com paring the 13C NM R data of cis- and trans-BTMSC w e noticed a
shift upfield going from the cis to the trans isomer. These shifts can be
explained by using the y-gauche effect and anti vicinal hydrogen-hydrogen
in teractions.15 W hitsell and M inton stated that the spatial disposition of tw o
vicinal hydrogens in an anti stereochem ical relationship contributes to a
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dow nfield shift for each of the carbon atom s involved. The Ca signal is
shifted from 27.04 ppm for the cis isom er to 23.20 p p m (3.88 ppm ) for the
trans isom er. In the cis isom er (at room tem perature) one C a will spend
som e tim e w ith a trim ethylsilyl group in an axial position and the other in
an equatorial position. The equatorial trim ethylsilyl position will give rise
to anti-related vicinal hydrogens (H a ax and H p ax) that will be absent in the
trans isom er w ith the trim ethylsilyl groups in diaxial positions. If the
trim ethylsilyl groups w ere diequatorial then tw o anti related vicinal
hydrogens in each Ca w ould be present, and a dow nfield shift w ould occur
going from the cis isom er to the trans isomer. The shift for the Cy going
from the cis to the trans isom er (3.8ppm) is sim ilar in m agnitude to the one
found by K itching16 in his studies of conform ational preferences of
m ethylsilanes, and justified by the y-gauche e ffe c t. The upfield shift for the
Cp going from the cis isom er to the trans isom er could be understood by
using both effects. The y-gauche effect w ould be com ing from one
trim ethylsilyl group in a gauche conform ation, and also the absence of anti
related vicinal hydrogens w ill contribute to an upfield shift.
ECOSY
ECOSY17'19 is a 2D correlation technique th at allows the extraction of
coupling constants in com plex spin systems. By restricting the coherence
transfer to take place exclusively betw een connected transitions in an energy
diagram (this im plies transitions possessing a com m on energy level), the
cross-peak m ultiplet pattern is sim plified. The restriction of coherence
transfer betw een connected transitions only is achieved by using a different
dependence on the rotation angle of the m ixing pulse. The experim ent can
also be understood as linear com bination of m ultiple-quantum -filtered
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COSY spectra of different orders. This com bination actually has w eighting
factors for the different orders.
The cross-peak m ultiplet from the ECOSY contains quadratic antiphase
2x2 four-line patterns resulting from the coupling betw een tw o active spins.
This basic pattern is replicated by the coupling to a th ird spin (passive spin).
From the position of the replicated pattern, the coupling constants of the
passive spin to the tw o actives can be determ ined (Fig. 11). By using a
vectorial notation, th e com ponents (wj,W 2 ) give the m agnitude of the
passive coupling to the other spins. From the direction of the displacem ent
vector the relative signs of the passive couplings can be easily determ ined.
The results of the ECOSY experim ent are show n in Fig. 8. The
param eters used to acquire an d process the 2D experim ent w ere determ ined
and tested w ith a standard sam ple of 2,3-dibrom opropionic acid (Fig. 11).
The ECOSY for the trans isom er show s w ell resolved cross peaks involving
the Ca protons. The filled contours represent negative peaks an d the
unfilled contours indicate positive peaks. Figures 9 an d 10 show an
expansion of the Ca cross peaks. The follow ing coupling constants w ere
determ ined by looking at pairs of section cuts through the cross-peak
m ultiplet at the positions show n: Ja f3eq = °-98 Hz, Ja pax = 4.87 Hz, and
Jpaxpeq = -H .7 Hz.

95
C oupling constants b y u sin g Correlations
SiMe3

SiMe

axial

P eq*

SiM e

Two relationships w ere used to correlate the experim ental coupling
constants extracted from the ECOSY experim ents w ith the dihedral angle in
the trans-BTMSC structure. The results from the em pirical force field
calculations predict dihedral angles of 67° (Ha-Hpec}) and 48°(Ha-Hpax). The
follow ing correlations w ere used:
From the K arplus-Bochner20'21 correlation the follow ing coupling constants
w ere calculated:

JaPeq = 3.13 H z for <j>equal 67 degrees.
Japax = 5-81 H z for <j>equal 48 degrees.
Colucci's equations22 allows one to account for the effect of different
substituents on vicinal coupling in the ethane fragm ent. From Colucci's
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equations the follow ing coupling constants w ere calculated:

Jocpeq =

H z for

equal 67 degrees.

JaPax = 4-74 H z for <J) equal 48 degrees.
The results by using Colucci's equations are show n in G raph 1 and Table

in.
The ECOSY experim ent provides Ja peq = 0-98 H z and JaPax = 4.87 H z which
are in better agreem ent w ith the results of Colucci's equation.

C o n c lu s io n s

The presence of a long range coupling of equatorial hydrogens, and an
upfield displacem ent in the 13C and !H NM R signals com paring the cis to the
trans isom er, indicates a rigid conform ation. The coupling constants
extracted from the ECOSY experim ent are in close agreem ent w ith the ones
calculated w ith Colucci's equation, using dihedral angles calculated for the
diaxial chair. The analysis of the NM R data supports the structure of transBTMSC as a som ew hat distorted diaxial chair, thus confirm ing the results of
o u r previous calculations.
The 13C NM R signals of the com pound that Kitching assigned to be cisBTMSC coincide w ith those th at w e have assigned to trans-BTMSC (Table I
and II). Kitching assum ed that hydrogenation of cisbis(trim ethylsilyl)cyclohexene w ould lead exclusively to cis-BTMSC. O ur
calculational results for bis(trim ethylsilyl)cyclohexene predict the cis isom er
to have a higher relative energy than trans-bis(trim ethylsilyl)cyclohexene.
A ssum ing the reduction of bis(trim ethylsilyl)cyclohexene to be a
stereospecific process, our experim ental w ork suggests that
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bis(trim ethylsilyl)cyclohexene exist prim arily as a trans isom er.

E x p erim ental S ection

P re p a ra tio n of 1,2-B is(trim ethylsilyl)benzene.- Follow ing Calas's
p ro ced u re12 a 500 mL round-bottom ed flask equipped w ith a condenser and a
m echanical stirrer w as charged w ith 10 g (0.42 mol) of m agnesium turnings,
45 g (0.42 m ol) of Me3SiCl (freshly distilled), an d 100 mL of
hexam ethylphosporam ide (HM PA, distilled from CaO). A bout 20 drops of
u n d ilu ted 1,2-dichlorobenzene (Aldrich, HPLC grade) w ere refluxed together
w ith sm all iodine crystals for five m in. A fter the reaction w as w ell
underw ay, the reaction m ixture w as cooled to room tem perature. The
rem ainder of 21.6 g (0.15 mol) of 1,2-dichlorobenzene w as diluted in 25 mL of
HM PA an d a d d e d dropw ise w ith stirring. After the addition, the reaction
m ixture w as refluxed for at 80-90 °C for 48 h. The reaction m ixture w as
hydrolyzed w ith saturated N H 4C1 an d the aqueous layer extracted w ith 2 x
100 mL of hexane. The hexane layer w as w ashed w ith 5 x 100 mL of w ater to
rem ove HM PA, an d the com bined organic layers w ere dried over anhydrous
M g S 0 4. D istillation of the crude m ixture gave 2 g of phenyltrim ethylsilane
(bp 60-70 °C /10 m m H g) and 15 g (45 % yield) of l,2-bis(trim ethylsilyl)benzene
(bp 80-85 °C /1 m m H g, lit. bp 132 °C /20 m mHg). *H NMR: 0.33 ppm (s, 18H,
SiMe3); 7.73-7.63 p pm (m, 2H, A rom atic H); 7.41-7.28 ppm (m, 2H, Arom atic
H). 13C NMR: 1.98 ppm (SiMe3); 127.79 and 135.24 p pm (Aromatic C).
P re p a ra tio n of 1,2-B is(trim ethylsilyl)cycl6hexane.- Based on Eaborn's
p ro ced u re7: A three-necked ro u n d bottom flask equipped w ith a m agnetic
stirrer, reflux condenser, an d a nitrogen inlet system w as charged w ith 2 g (9
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m mol) of 1,2-bis (trim ethy lsilyl)benzene, 1.24 g (0.17 m mol) of Li w ire and 75
mL of propylam ine (Aldrich 98%, dried an d distilled over sodium ). The
m ixture w as stirred at 0 °C for five h until a deep blue coloration persisted
and then one m ore h at room tem perature. The solution becam e colored
shortly after the addition of Li: deep orange,yellow ,and brow n w ere obtained
before the onset of the blue coloration. The excess of Li w as destroyed w ith
saturated N H 4C1, and the aqueous layer extracted w ith 3 x 200 mL of ether,
and the com bined organic layers dried over anhydrous M gS 04.
M icrodistillation of the crude p ro d u ct gave cyclohexyltrim ethylsilane (0.30 g,
bp 60-65 °C /10 m m H g), an d 0.30 g of l,2-bis(trim ethylsilyl)cyclohexane (bp 4549 °C/0.5 m m H g, lit. bp 66-69 °C/1.5 m mHg). This fraction w as show n to be a
1:1 m ixture of cis and trans isom ers and separated by preparative gas
chrom atography (SE-30). Relative retention tim e of the c is/tra n s isom ers was
0.75:1. MS [m /e (relative abundance)] for the trans isomer: 228 (3.8), 155
(18.9), 154 (6.2), 139 (10.5), 80 (8.7), 79 (3.9), 75 (3.8), 74 (8.6), 73 (100.0), 59 (9.4),
and 45 (15.9). MS [m /e (relative abundance)] for the cis isomer: 228 (1.3), 155
(17.8), 154 (9.0), 139 (14.6), 80 (13.4), 79 (4.7), 75 (3.7), 74 (9.0), 73 (100.0), 59 (12.7),
and 45 (17.2).
NM R Experim ents.- The sam ples w ere dissolved in CDCL3 The
variable tem perature NM R experim ents w ere recorded on a Bruker A C /W P
200 FT spectrom eter. The ECOSY experim ents w ere obtained on a Bruker
400AM spectrom eter. The Bruker m icroprogram s ECOSY3N and ECOSY3C
w ere used. A d ata m atrix of 512w x lK w w as acquired. This w as m ultiplied
by square phase shifted sine bell filter function (SSB = 3) in the F2 dim ension
and zero filled to lK w x 2Kw. After doing the Fourier transform ation a
phase correction in both dim ensions w as applied.
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Appendix
D evelopm ent of Colucci's equations:
The coupling constant for the axial vicinal position w as calculated based on
the follow ing draw ing:

H*
H*

w here X2=Si, X3=X4=C, an d Xj=H.
By using the general equation:
3 J

C a

l c =

A + BCos<J> + Ccos2()) + cos^lXAS! +AS4)cos(<J> + 120) + (AS2 + AS3)cos(<])

120)]

the follow ing substitutions w ere done:
A= 8.00

B= -2.70

C=7.11

AS= 4 (A -3J0)
For the substituted ethane: C H 3C H 2X

3 J c a l c =

Xi

3Jo

ASi

H

8.00

0.00

C

7.56

1.76

Si

7.90

0.40

8.00 - 2.70Cos<() + 7.11cos2<t> + cos<t>[(0.00 + 1.76)cos(<{> + 120) + (0.40 +

1.76)cos(<|> -120)]
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3Jcalc= 8-00" 2.70Cos<]) + 7.11cos2<)) + cos<J>[1.76cos(<|) + 120) + 2.16cos(<|> -120)]
(1)
The coupling constant for th e equatorial vicinal position w as calculated
based on the follow ing draw ing:

H*

H*

w here X2=Si, X3=H, X4=C, an d X1=C.
By using the general equation:
3Jcalc= A + BCostJ) + Ccos2()) + cos^UAS! + AS4)cos(<)) + 120) + (AS2 + AS3)cos(<(> -

120)]
3 J

c a

l c =

8.00 - 2.70Cos<|) + 7. llcos2(|) + cos<t>[(1.76 + 1.76)cos(<|> + 120) + (0.40 +

0.00)cos(<> -120)]
3 J

C a

l c =

8.00 - 2.70Cos<|) + 7.11cos2<|) + cos<))[3.52cos(<l) +120) + 0.4cos(<j) -120)]

(2)
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Figure 6. 1H -1H COSY spectrum of trans-BTMSC.
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Figure 7. 1H-13C heteronuclear shift correlation of trans-BTMSC.
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ECOSY experim ent w ith trans-BTMSC.
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Figure 9. Expansion of the ECOSY experiment with trans-BTMSC.
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Expansion of the ECOSY experim ent w ith trans-BTMSC.
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Figure 11. ECOSY experiment of 2,3 Dibromopropionic acid.
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SO U R C E

C . E a b o rn

T e m p e ra tu re
D ependence

Cis- B TM SC

1.6 ( 8 H, m )

0.2 ( 2H ,m )

0.02 ( 18H, s)

0.02 (18H,s)

P e a k se p a ra tio n a t - 80 °C
( 0.02
^ 0.07
)
- 0.02
0
C oalescence tem p.: - 70 C

0.99 ( 2H , t , J= 3.7 H z )

6
13C

0.8 - 1 .4 b r (8 H, m)

1.1 ( 2 H , m)

W . K itch in g
*H

T ra n s - B TM SC

-0.66
23.19
25.44
25.19

( SiM e3 )
(a -C )
(p-C)
(T-C)

Table I NMR data from previous work

o
In v a ria n t fro m 25 C
to - 80 °C

SOURCE

This
work

h

Cis- BTMSC

Trans- BTMSC

1.67 - 1.55 br (8H, m)

1.67- 1.55 (6H, M)

1.08 (2H, m )

1.24 (2H, m )

0.05 (18H, s )

1.01 (2H, m )
0.02 (18H, s )

,3c

29.20

25.41

27.04

25.16

0.12

23.20
-0.68

Temperature
Dependence
( Proton
spectrum)

0
Peak separation at -60 C

<•■•*-►SS)
0
Coalescence temp: -50 C

Table II.

NM R data from this work.

0
Invariant from 60 C
to - 60°C
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Degrees

J axial

J e q u a to ria l

0

10.45

10.45

11.00

5

10.40

10.13

10 .93

10

10.18

9.6 6

10.71

15

9.81

9.0 5

10.36

20

9.2 9

8.31

9.8 9

25

8.6 5

7 .4 8

9.31

30

7 .90

6.5 8

8 .6 3

35

7 .07

5.6 4

7 .8 9

40

6 .19

4 .69

7 .1 0

45

5.2 8

3 .76

6 .2 9

48

4 .7 4

3 .23

5.81

55

3 .5 4

2.11

4 .7 2

60

2.7 6

1.44

4.0 0

67

1.83

0.7 3

3 .1 4

70

1.51

0.5 3

2.8 3

75

1.10

0.3 4

2.41

80

0.85

0.3 3

2 .1 3
1.9 9

J B o th n e r - B y

85

0.78

0.51

90

0.8 9

0 .89

2.0 0

95

1.19

1.45

2 .1 6

1 00

1.67

2.1 9

2 .4 8

105

2.3 2

3.0 9

2 .9 3

110

3.1 4

4.1 2

3.51

115

4.0 9

5.2 6

4.21

120

5.1 5

6 .47

5.0 0

125

6.31

7.74

5.8 6

130

7.5 2

9.02

6 .77

135

8.7 6

10.28

7.71

140

9.9 8

11.48

8 .6 3

145

11.17

12.60

9.5 3

150

12.27

13.59

10.37

155

13.27

14.44

11.12

160

14.14

15.12

11.77

165

14.85

15.61

12.30

170

15.38

15.90

12.68

175

15.72

15.98

12.92

180

15.85

15.85

13.00

Table III. D ata of calculated coupling constants by using Colucci and
Bothner-By equations.
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J Calculated (Hz)

Graph 1.- Calculated axial and equatorial couplings
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